Artificial Intelligence 217 (2014) 144-197

Contents lists available at ScienceDirect

Artificial Intelligence

www.elsevier.com/locate/artint

On the Input/Output behavior of argumentation frameworks ®<:mssMark

Pietro Baroni?, Guido Boella®, Federico Cerutti€, Massimiliano Giacomin *,
Leendert van der Torre ¢, Serena Villata©

2 Dipartimento di Ingegneria dell'Informazione, University of Brescia, via Branze, 38, 25123, Brescia, Italy
b Dipartimento di Informatica, University of Torino, Italy

¢ Department of Computing Science, University of Aberdeen, UK

d University of Luxembourg, Luxembourg

€ INRIA Sophia Antipolis - Mediterranee, France

ARTICLE INFO ABSTRACT

Article history: This paper tackles the fundamental questions arising when looking at argumentation
Received 21 March 2014 frameworks as interacting components, characterized by an Input/Output behavior, rather
Received in revised form 22 August 2014 than as isolated monolithical entities. This modeling stance arises naturally in some

Accepted 25 August 2014

Available online 28 August 2014 application contexts, like multi-agent systems, but, more importantly, has a crucial

impact on several general application-independent issues, like argumentation dynamics,
argument summarization and explanation, incremental computation, and inter-formalism

ﬁgﬁlﬁ;&ﬁon frameworks translation. Pursuing this research direction, the paper introduces a general modeling
Argumentation semantics approach and provides a comprehensive set of theoretical results putting the intuitive
Modularity notion of Input/Output behavior of argumentation frameworks on a solid formal ground.
Decomposability This is achieved by combining three main ingredients. First, several novel notions are
Equivalence introduced at the representation level, notably those of argumentation framework with

input, of argumentation multipole, and of replacement of multipoles within a traditional
argumentation framework. Second, several relevant features of argumentation semantics
are identified and formally characterized. In particular, the canonical local function provides
an input-aware semantics characterization and a suite of decomposability properties
are introduced, concerning the correspondences between semantics outcomes at global
and local level. The third ingredient glues the former ones, as it consists of the
investigation of some semantics-dependent properties of the newly introduced entities,
namely S-equivalence of multipoles, S-legitimacy and S-safeness of replacements, and
transparency of a semantics with respect to replacements. Altogether they provide the
basis and draw the limits of sound interchangeability of multipoles within traditional
frameworks. The paper develops an extensive analysis of all the concepts listed above,
covering seven well-known literature semantics and taking into account various, more
or less constrained, ways of partitioning an argumentation framework. Diverse examples,
taken from the literature, are used to illustrate the application of the results obtained and,
finally, an extensive discussion of the related literature is provided.

© 2014 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail addresses: pietro.baroni@ing.unibs.it (P. Baroni), guido@di.unito.it (G. Boella), f.cerutti@abdn.ac.uk (F. Cerutti), massimiliano.giacomin@ing.unibs.it
(M. Giacomin), leon.vandertorre@uni.lu (L. van der Torre), serena.villata@inria.fr (S. Villata).

http://dx.doi.org/10.1016/j.artint.2014.08.004
0004-3702/© 2014 Elsevier B.V. All rights reserved.


http://dx.doi.org/10.1016/j.artint.2014.08.004
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/artint
mailto:pietro.baroni@ing.unibs.it
mailto:guido@di.unito.it
mailto:f.cerutti@abdn.ac.uk
mailto:massimiliano.giacomin@ing.unibs.it
mailto:leon.vandertorre@uni.lu
mailto:serena.villata@inria.fr
http://dx.doi.org/10.1016/j.artint.2014.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.artint.2014.08.004&domain=pdf

P. Baroni et al. / Artificial Intelligence 217 (2014) 144-197 145

1. Introduction

This paper deals with modularity in abstract argumentation. The “Merriam-Webster Learner’s Dictionary” defines modular
as “having parts that can be connected or combined in different ways” while the “Free Dictionary online” remarks that
modularity is intended “for easy assembly and repair or flexible arrangement and use”. As such, modularity is a highly
desirable property, often enforced by design, in any kind of either material (like the popular Lego toys) or immaterial (like
programs developed according to the object-oriented paradigm) artifacts, including knowledge representation and reasoning
formalisms.

Roughly speaking, modularity involves two main properties, namely separability and interchangeability of modules. As to
the former, it has to be possible to describe and analyze the global behavior of an artifact in terms of the combination
of the local behaviors of the modules composing it. Each local behavior can be characterized individually in a way which
is independent of the internal details of the other modules (and, in a sense, of the module itself) and captures only the
connections and mutual interactions between the module and the other ones. To put it in other words, each module can
be described as a black-box whose Input/Output behavior fully determines its role in the global behavior of any artifact it
is plugged in. As to the latter, the interest in replacing a module with another one is very common and arises from a large
variety of motivations, either at the operational or design level. Interchangeability of two modules requires first of all that
they are compatible as far as the connections with the rest of the artifact are concerned, i.e. that the interfaces they expose
are such that wherever one of the modules can be “plugged in”, the other can too. Besides this plug-level interchangeability,
it is of great interest to characterize the behavior-level interchangeability of modules, namely to identify the situations where
internally different modules can be freely interchanged without affecting the global behavior of the artifact they belong to,
since their Input/Output behavior is equivalent in this respect.

While the formalism of abstract argumentation frameworks [25] and the relevant argumentation semantics (see [3]
for a survey) do not appear to have been designed with modularity in mind, investigating their relevant properties is an
important research topic which, after having been somehow overlooked, is attracting increasing attention in recent years.
An argumentation framework is basically a directed graph representing the conflicts between a set of arguments (the nodes
of the graph) and an argumentation semantics can be regarded as a method to answer (typically in a non-univocal way, i.e.
producing a set of alternative answers) the “justification question”: “Which is the justification status of arguments given the
conflict?”

Referring to a representative set of semantics proposed in the literature, (namely admissible, complete, grounded,
preferred, stable, semi-stable and ideal semantics) this paper provides a systematic and comprehensive assessment of mod-
ularity in abstract argumentation, by identifying and analyzing in this context the formal counterparts of the general notions
of separability and interchangeability described above.

Given a partition of an argumentation framework into partial (or local) interacting subframeworks, analyzing separability
consists in addressing the following issues:

e Is it possible to define a local counterpart of the notion of semantics? i.e. Is there a method to produce local answers
to the justification question, taking into account the interactions with other subframeworks?

e Can the set of justification answers prescribed by the (global) semantics be obtained by properly combining (in a
bottom-up fashion) the sets of local answers produced in the subframeworks by its local counterpart?

o symmetrically, Can the sets of local answers be obtained (in a top-down fashion) as projections onto the subframeworks
of the global answers?

As to the first issue, we introduce the notion of local function for a subframework! and show that under very mild
requirements, satisfied by all semantics considered in this paper, it is possible (and easy) to identify the canonical local func-
tion for a global semantics. As to the second and third issues, we introduce the formal notions of top-down and bottom-up
decomposability, which, jointly, correspond to the notion of (full) decomposability of an argumentation semantics.

Strong as it may seem, full decomposability with respect to every arbitrary partition of every argumentation framework
is not unattainable. Indeed, we show that it is satisfied by some of the semantics considered in this paper, while some
others are able to achieve at least top-down decomposability and the remaining ones lack all decomposability properties.

As arbitrary partitions correspond to a completely free (if not anarchical) notion of modularity, we also consider a “tidier”
style of partitioning, involving the graph-theoretical notion of strongly connected components. It turns out that, restricting the
set of partitions this way, helps some, but not all, semantics to recover full decomposability.

Turning to interchangeability, we deal with both its plug-level and behavior-level aspects. As to the plug-level, borrowing
some terminology from circuit theory, we introduce the notion of argumentation multipole as a generic replaceable argu-
mentation component, namely a partial framework interacting through an input and output relation with an external set of
invariant arguments.

Plug-level compatibility of two multipoles is a very relaxed notion, since it is only required that two multipoles refer to
the same set of external arguments. This is motivated by the fact that imposing a tighter correspondence between Input/

1 Technically, a subframework is captured by the formal notion of argumentation framework with input provided in Definition 11.
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Output “terminals” of the multipoles would unnecessarily restrict the scope of the subsequent analysis on behavior-level
compatibility. In fact, our analysis shows that a sensible notion of behavioral equivalence between multipoles (called Input/
Output equivalence) can be introduced by requiring that the effect of the multipoles on the external arguments is the same:
it may well be the case that multipoles with different “terminals” have the same effect in behavioral terms. Of course,
Input/Output equivalence is a semantics-dependent notion since the behavior of a multipole can only be defined by referring
to a specific semantics using the notion of local function mentioned above. In particular, it may be the case that two
multipoles are equivalent with respect to some semantics and not equivalent with respect to another semantics.

Input/Output equivalence is the basis for the analysis of the operation of replacement within an argumentation frame-
work. Basically, a replacement consists in substituting a part of the framework with a plug-level compatible multipole. While
this notion per se allows for arbitrary substitutions, one is interested in analyzing those replacements which have a sound
basis. In this perspective, building on multipole equivalence, it is possible to identify the semantics-dependent notions of
legitimate and contextually legitimate replacement. Briefly, a replacement is legitimate if it involves “fully” equivalent multi-
poles, while it is contextually legitimate if it involves multipoles which are equivalent in the context where the replacement
takes place, while not necessarily being equivalent in other contexts. Cleary, legitimate replacements are a (typically strict)
subset of contextually legitimate replacements.

One might expect that, given a semantics, legitimate (with respect to that semantics) replacements ensure that the
invariant part of the framework is unaffected (in a sense, that it does not notice the change). This property is called
semantics transparency. A stronger expectation (since the requirement on the replacements is weaker) would be that the
invariant part of the framework is unaffected for any contextually legitimate replacement: this property is called strong
transparency.

Natural as it may seem, transparency is not achieved by all semantics and requires a detailed analysis, showing that
different levels of transparency are achieved by the semantics considered in this paper, also taking into account different
restrictions on the set of allowed replacements.

These results provide a reference context and fundamental answers to modularity-related issues in abstract argumenta-
tion, which, up to now, have been considered in the literature focusing on specific aspects and hence obtaining partial and
problem-specific results. Moreover, while being theoretical by nature, the achievements of this paper have several significant
application-oriented implications.

On the one hand, semantics decomposability properties provide a sound basis for exploiting various forms of incremen-
tal computation which may deliver important efficiency gains in two main respects. First, they enable (and characterize
the limits of) the application of divide-and-conquer strategies in the design of algorithms for computational problems in
abstract argumentation frameworks. As most of these problems are intractable in the worst case, facing reduced-size sub-
problems separately and then combining the partial results in an efficient manner may significantly improve performances
on the average. Second, there is a significant application interest in argumentation dynamics, which captures all contexts
where a given framework is updated incrementally, as a consequence of the acquisition of new information and/or of the
actions of the participants to a multi-agent system. Clearly, if the modification to the initial framework is limited, one is in-
terested to partially reuse the results of previous computations in the new framework rather than redoing all computations
from scratch. Again, decomposability properties enable (and characterize the limits of) the use of incremental computation
techniques based on the separation between modified and unmodified parts in the updated framework.

On the other hand, the notions and properties concerning multipole equivalence and semantics transparency are appli-
cable in all contexts where there is an interest in replacing a part of a framework with another one. As an example, the
activities of summarization and explanation involved in reasoning and communicating at different levels of granularity are,
basically, alternative forms of replacement. In the former, a complex part of an argumentation process (e.g. the analysis
and discussion of factual evidences in a legal case) is summarized (i.e. replaced) by a more synthetic representation (e.g.
focusing on the facts which turn out to have an actual impact on the case decision) which, while leaving out unnecessary
details, must ensure that the global outcome is preserved. Dually, explanation can be regarded as the replacement of a syn-
thetic representation with a more detailed/articulated one, again ensuring that this does not induce undesired side-effects
outside the replaced part. Further, and more specific of the abstract argumentation field, the basic formalism of argumen-
tation frameworks is often used as a “ground level” representation for other richer and/or more specific formalisms. For
instance, formalisms involving the explicit representation of preferences, values, and attacks to attacks can be translated (or
flattened) to the basic formalism through suitable procedures. As these procedures typically consist of a set of local replace-
ment rules, multipole equivalence and semantics transparency are very effective tools to analyze their behavior, soundness
and applicability under various semantics.

The paper is organized as follows. After recalling the necessary background in Section 2, the general notions concerning
semantics decomposability are introduced and discussed in Section 3, while Section 4 provides decomposability results for
the seven semantics considered in this paper. Section 5 deals with the key technical notion of effect-dictated semantics and
Section 6 then introduces the fundamental concepts concerning interchangeability, namely argumentation multipoles, their
Input/Output equivalence, the replacement operator and the properties of semantics transparency. Section 7 analyzes the
relationships between decomposability and transparency at a general level, while Section 8 provides transparency results
for the seven semantics considered in this paper. Application examples are given in Section 9, Section 10 discusses related
works and, finally, Section 11 concludes the paper. All proofs are given in Appendix A.
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2. Background

We follow the traditional definition of argumentation framework introduced by Dung [25] and define its restriction to a
subset of arguments.

Definition 1. An argumentation framework is a pair AF = (Ar, att) in which Ar is a finite set of arguments and att C Ar x Ar.
An argument A such that there is no B such that (B, A) € att is called initial. An argument B such that (B, B) € att is
called self-attacking. Given a set Args C Ar, the restriction of AF to Args, denoted as AF| g is the argumentation framework
(Args, att N (Args x Args)).

In this paper we use the labelling-based approach to the definition of argumentation semantics. As shown in [21,3], for
the semantics considered in this paper there is a direct correspondence with the “traditional” extension-based approach,
hence the results presented in this paper are valid in both approaches. The labelling-based definitions have been adopted
only because they allow simpler proofs.

A labelling assigns to each argument of an argumentation framework a label taken from a predefined set A. For technical
reasons, we define labellings both for argumentation frameworks and for arbitrary sets of arguments.

Definition 2. Let A be a set of labels. Given a set of arguments Args, a labelling of Args is a total function Lab : Args — A.
The set of all labellings of Args is denoted as L. Given an argumentation framework AF = (Ar, att), a labelling of AF is a
labelling of Ar. The set of all labellings of AF is denoted as £(AF). For a labelling Lab of Args, the restriction of Lab to a set
of arguments Args’ C Args, denoted as Lab| .y, is defined as Lab N (Args’ x A).

We adopt the most common choice for A, i.e. {in, out,undec}, where the label in means that the argument is
accepted, the label out means that the argument is rejected, and the label undec means that the status of the argument
is undecided. As explained after Definition 8, an exception is made for stable semantics, which can be more conveniently
defined assuming A = {in, out}. Given a labelling Lab, we write in(Lab) for {A | Lab(A) = in}, out(Lab) for {A | Lab(A) =
out} and undec(Lab) for {A | Lab(A) = undec}.

A labelling-based semantics prescribes a set of labellings for each argumentation framework.

Definition 3. Given an argumentation framework AF = (Ar, att), a labelling-based semantics S associates with AF a subset of
£(AF), denoted as Lg(AF).

In general, a semantics encompasses a set of alternative labellings for a single argumentation framework. However,
a semantics may be defined so that a unique labelling is always prescribed, i.e. for every argumentation framework AF,
|Ls(AF)| = 1. In this case the semantics is said to be single-status, while in the general case it is said to be multiple-status.

In the labelling-based approach, a semantics definition relies on some legality constraints relating the label of an argu-
ment to those of its attackers.

Definition 4. Let Lab be a labelling of the argumentation framework (Ar, att). An in-labelled argument is said to be legally
in iff all its attackers are labelled out. An out-labelled argument is said to be legally out iff it has at least one attacker
that is labelled in. An undec-labelled argument is said to be legally undec iff not all its attackers are labelled out and it
does not have an attacker that is labelled in.

We now introduce the definitions of labellings corresponding to traditional admissible? and complete semantics.

Definition 5. Let AF = (Ar, att) be an argumentation framework. An admissible labelling is a labelling Lab where every
in-labelled argument is legally in and every out-labelled argument is legally out.

Definition 6. A complete labelling is a labelling where every in-labelled argument is legally in, every out-labelled argument
is legally out and every undec-labelled argument is legally undec.

On this basis, the labelling-based definitions of several argumentation semantics can be introduced. To simplify the
technical treatment in the following, grounded and preferred semantics are defined by referring to the commitment relation
between labellings [3].

2 It can be remarked that (unlike the other semantics) admissible labellings are not in a one-to-one correspondence to admissible sets since several
admissible labellings might correspond to the same admissible set.
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Definition 7. Let Lab; and Lab, be two labellings. We say that Lab, is more or equally committed than Laby (Labi C Laby) iff
in(Lab1) C in(Laby) and out(Laby) C out(Laby).

Definition 8. Let AF = (Ar, att) be an argumentation framework. A stable labelling of AF is a complete labelling without
undec-labelled arguments. The grounded labelling of AF is the minimal (w.r.t. C) labelling among all complete labellings.
A preferred labelling of AF is a maximal (w.r.t. C) labelling among all complete labellings. The ideal labelling of AF is the
maximal (under =) complete® labelling Lab that is less or equally committed than each preferred labelling of AF (i.e. for
each preferred labelling Labp it holds that Lab C Labp). A semi-stable labelling of AF is a complete labelling Lab where
undec(Lab) is minimal (w.r.t. set inclusion) among all complete labellings.

While stable semantics is defined by assuming A = {in, out, undec}, the definition of stable labelling entails that stable
semantics can be equivalently defined with reference to the set of labels A = {in, out}. In this case, a stable labelling is
simply a complete labelling, since the codomain A does not include undec. In the sequel we implicitly assume that, for
stable semantics only, A = {in, out}: this allows a simpler treatment of such semantics without any loss of generality.

The uniqueness of the grounded and the ideal labelling has been proved in [22]. Accordingly, grounded and ideal seman-
tics are single-status, the other semantics are multiple-status. Admissible, complete, stable, grounded, preferred, ideal and
semi-stable semantics are denoted in the following as AD, CO, ST, GR, PR, ID and SST, respectively.

We also recall the traditional notions of skeptical and credulous justification of an argument with respect to a semantics.

Definition 9. Given a labelling-based semantics S and an argumentation framework AF, an argument A is skeptically justified
under S if VLab € Ls(AF) Lab(A) = in; an argument A is credulously justified under S if 3Lab € Ls(AF) : Lab(A) = in.

Finally, a comment is in order on a special case of argumentation framework that is explicitly considered in the paper,
i.e. the empty argumentation framework AFy £ (4, #). By definition the only possible labelling of AF is the empty set,
thus a semantics can either prescribe ¢ for AFy or it can prescribe no labelling at all. In this respect, for any semantics S
introduced above it holds Ls(AFy) = {#}, i.e. the empty set is actually prescribed by S. Note in particular that ¢ is a stable
labelling, since it is complete and does not include undec-labelled arguments.

3. Decomposability of argumentation semantics
3.1. The notion of local function

The first step to define the notion of semantics decomposability is to introduce a formal setting to express the inter-
actions between the partial frameworks induced by an arbitrary partitioning of an argumentation framework. Intuitively,
given an argumentation framework AF = (Ar, att) and a subset Args of its arguments, the elements affecting AF | args include
the arguments attacking Args from the outside, called input arguments, and the attack relation from the input arguments to
Args, called conditioning relation.

Definition 10. Given AF = (Ar, att) and a set Args C Ar, the input of Args, denoted as Argsi“pn is the set {B € Ar\ Args|3A e
Args, (B, A) € att}, the conditioning relation of Args, denoted as Args®, is defined as att N (Args™ x Args).

Example 1. Consider AF = ({A, B, C, D}, {(A, B), (B, C), (C, A), (A, D), (D, A)}) with reference to the partial frameworks in-
duced by the sets {A, B, C} and {D} (see Fig. 1). It holds that {A, B, C}™ = {D} and {A, B, C}} = {(D, A)}, while {D}I"P = {A}
and {D}k = {(4, D)).

Given a partial argumentation framework AF| g (possibly AF itself) affected by a (possibly empty) set of arguments
Argsi™ attacking Args according to Args®, one may wonder whether fixing the labelling assigned to the input arguments
allows one to determine the set of labellings of AF|4rgs. As shown in the following, this question cannot be answered once
and for all, since different semantics exhibit different behaviors in this respect, and, for some semantics, a dependency holds
under specific constraints on the considered partition of the argumentation framework. In order to express such a depen-
dency (whenever it holds), we introduce the notions of argumentation framework with input, consisting of an argumentation
framework AF = (Ar, att) (playing the role of a partial argumentation framework), a set of external input arguments .#, a la-
belling L » assigned to them and an attack relation R » from .# to Ar, and of a local function which, given an argumentation
framework with input, returns a corresponding set of labellings of AF.

3 Literally, the original definition refers to an admissible labelling rather than a complete labelling. However, the definition adopted here is equivalent to
the original one, since it can be shown that the ideal labelling is a complete labelling [22].
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Fig. 1. Running example: a partition of a simple framework (Examples 1-5).

Definition 11. An argumentation framework with input is a tuple (AF,.#,L s, R ), including an argumentation framework*
AF = (Ar, att), a set of arguments .# such that .# NAr =, a labelling L » € £ » and a relation R y C . x Ar. A local function

assigns to any argumentation framework with input a (possibly empty) set of labellings of AF, i.e. F(AF, .#,L #,R y) €
2 L(AF)

For any semantics, a “sensible” local function, called canonical local function, is the one that describes the labellings of
the so-called standard argumentation frameworks.

Definition 12. Given an argumentation framework with input (AF, .#, L #, R »), the standard argumentation framework w.r.t.
(AF, #,L g#,R ) is defined as AF' = (ArU %', att UR’ »), where ¢/ = # U{A’|Acout(Ly)} and R' s =R s U{(A’, A) |
Aecout(Lg)}U{(A,A)| A eundec(L #)}.

Roughly, the standard argumentation framework puts AF under the influence of (.#,L », R #), by adding .# to Ar and R »
to att, and by enforcing® the label L~ for the arguments of .# in this way:

o for each argument A € .# such that L »(A) = out, an unattacked argument A’ is included which attacks A, in order to
get A labelled out by all labellings of AF;

e for each argument A € .# such that L #(A) =undec, a self-attack is added to A in order to get it labelled undec by
all labellings of AF';

e each argument A € .# such that L »(A) = in is left unattacked, so that it is labelled in by all labellings of AF'.

Definition 13. Given a semantics S, the canonical local function of S (also called local function of S) is defined as
Fs(AF, #,L #,R 7) = {Labl s | Lab € Ls(AF')}, where AF = (Ar, att) and AF' is the standard argumentation framework w.r.t.
(AF, Z,L #,R ).

Note that in the case of stable semantics undec ¢ A, thus R’ » does not include self-attacks.
In case .# = (entailing L » =@ and Ry = ) the canonical local function returns the labellings of AF, as shown by
Proposition 1.

Proposition 1. Given a semantics S and an argumentation framework AF, Fs(AF, @, @, #) = Ls(AF).

While the canonical local function is defined for any semantics, its definition is best suited for complete-compatible
semantics, i.e. semantics satisfying a number of intuitive constraints.

Definition 14. A semantics S is complete-compatible iff the following conditions hold:

1. For any argumentation framework AF = (Ar, att), every labelling L € Ls(AF) satisfies the following conditions:
e if A € Ar is initial, then L(A) = in
e if B € Ar and there is an initial argument A which attacks B, then L(B) = out
e if C € Ar is self-attacking, and there are no attackers of C besides C itself, then L(C) = undec

2. for any set of arguments .# and any labelling L » € £ », the argumentation framework AF' = (%', att’), where .¢' =
FU{A" | Aeout(Ly)} and att’ = {(A’, A) | A€ out(L #)} U{(A, A) | A € undec(L »)}, admits a (unique) labelling, i.e.
ILs(AF")| = 1.

4 In the following, unless otherwise specified, we will implicitly assume AF = (Ar, att).
5 Actually, the enforcement is a bit different for admissible semantics. This exception has no consequences on the technical development of the paper.
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Fig. 2. The standard argumentation framework w.r.t. (AF} 4 s,c), {D}, {(D, out)}, {(D, A)}) (Example 2).

It should be noted that, in case undec ¢ A, the third bullet of condition 1 entails that there is no labelling if a self-
attacking argument C is attacked by C only, and in condition 2 it necessarily holds that undec(L #) = @.

As shown by Proposition 2, the requirements of the previous definition guarantee that the construction of the standard
argumentation framework makes sense, i.e. given a standard argumentation framework w.r.t. (AF, .#,L #,R #), a complete-
compatible semantics enforces the labelling L » for the arguments of .# as described above.

Proposition 2. Let S be a complete-compatible semantics and let AF' = (Ar U ., att U R’ ») be the standard argumentation frame-
work w.r.t. an argumentation framework with input (AF, .#, L #, R 7). Then for any Lab € Ls(AF’) it holds that Lab|, 4 = {(A’, in) |
Acout(Lg)}ULgandlab| y =L 4.

Moreover, when applied to the empty argumentation framework (which by definition does not receive attacks from .#)
the canonical local function of a complete-compatible semantics always returns the empty set as a unique labelling.

Proposition 3. Given a complete-compatible semantics S, a set of arguments .# and a labelling L y € £ 4, it holds that
Fs(AFy, 7, L ¢, 0) ={0}.

Taking into account Proposition 1 this result entails that Lg(AFy) = {#}, corresponding to the second requirement of
Definition 14 with .# =@.
All the semantics considered in the paper are complete-compatible, with the exception of admissible semantics.

Proposition 4. GR, CO, ST, PR, SST, ID are all complete-compatible semantics.

Admissible semantics is not complete-compatible, as it can be seen by considering e.g. the argumentation framework
AF = ({A}, ¥), where Lap(AF) = {(A, undec), (A, in)}.
The following example clarifies the notion of canonical local function, considering in particular complete semantics.

Example 2. Let us refer again to the argumentation framework AF of Fig. 1. For the canonical local function of complete
semantics it holds that Fco(AF(a,p,c), {D}, {(D, out)}, {(D, A)}) = {{(A, undec), (B, undec), (C, undec)}}, due to the fact
that the standard argumentation framework w.r.t. (AF|(a s c),{D}, {(D,out)}, {(D, A)}), shown in Fig. 2, admits as the
unique complete labelling {(D’, in), (D, out), (A, undec), (B, undec), (C, undec)}. In a similar way, it is easy to show that
Fco(AF(a.B.c}, {D}, {(D, i)}, {(D, A)}) = {{(A, out), (B, in), (C, out)}} and Feo(AF|(a B.c}, {D}, {(D,undec)}, {(D, A)}) =
{{(A, undec), (B,undec), (C,undec)}}. Considering the application of Fco to AFl(p;, Fco(AFl(p},{A}, {(A, out)},
{(A, D)} = {{(D, in)}}, Fco(AF|(py. {A}, {(A, in)}, {(A, D)D) = {{(D, out)}} and Fco(AF|(p), {A}. {(A,undec)}, {(A, D)}) =
{{(D,undec)}}.

As shown in Section 4, for any semantics considered in this paper the local function admits a compact representation,
without the need to refer to standard argumentation frameworks.

3.2. Decomposability properties of argumentation semantics

We now aim at introducing a formal notion of semantics decomposability. To this purpose, consider a generic argu-
mentation framework AF = (Ar, att) and an arbitrary partition of Ar, i.e. a set {P1,..., Py} such that Vie {1,...,n} P; CAr
and P; # 0, ;_; ,Pi=Ar and PN Pj =0 for i # j. Such a partition identifies the restricted argumentation frameworks
AFlp,,...,AF]p,, that affect each other with the relevant input arguments and conditioning relations as stated in Defini-
tion 10. Intuitively a semantics S is decomposable if S can be put in correspondence with a local function F such that:

e every labelling prescribed by S on AF, namely every element of Lg(AF), corresponds to the union of n “compatible”
labellings Lp,, ..., Lp, of the restricted argumentation frameworks, all of them obtained applying F;
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e in turn, each union of n “compatible” labellings Lp,, ..., Lp, obtained applying F to the restricted frameworks gives rise
to a labelling of AF.

The “compatibility” constraint mentioned above reflects the fact that any labelling of a restricted framework is used by F

for computing the other ones: Lp; plays a role in determining Lp,,...,Lp, ;,Lp,,,,...,Lp, and vice versa. This means that
Lp,,...,Lp, are “compatible” if each Lp, is produced by F for AF|p; with the input arguments P;i"P labelled according to
Lpy,....Lp,_y,Lp,q, ..., Lp,. Definition 15 synthesizes all these considerations.

Definition 15. A semantics S is fully decomposable (or simply decomposable) iff there is a local function F such that for
every argumentation framework AF = (Ar,att) and every partition & = {P1,..., Py} of Ar, Ls(AF) = % (£, AF, F) where
U(P,AF,F) = {Lp, U...ULp, | Lp, € F(AF|p,, P;"", (szlm,,,#i Lp;){ pinvs P;®).

Example 3. Considering again the argumentation framework AF of Fig. 1 and the partition {{A, B, C}, {D}}, full decompos-
ability of complete semantics requires a local function such that the labellings of AF are exactly those obtained by the
union of the compatible labellings of AF| 4 g c) and AF|p) given by the local function itself. Let us consider the canonical
local function® of CO (refer to Example 2). The labelling {(A, out), (B, in), (C, out)} is compatible with {(D, in)}, since
the first is obtained by Fco with D labelled in, and the latter is obtained by Fcp with A labelled out. On the other hand,
the labelling {(A, out), (B, in), (C, out)} is not compatible e.g. with {(D, out)}. Overall, exactly two global labellings arise
from the combinations of the compatible outcomes of Fcg, namely {(A, undec), (B, undec), (C,undec), (D,undec)} and
{(A, out), (B, in), (C, out), (D, in)}, corresponding to the complete labellings of AF.

The behavior of complete semantics in this example is not incidental: we will prove in Section 4 that complete semantics
is fully decomposable.

Proposition 5 shows that, if a complete-compatible semantics S is fully decomposable, then the local function appearing
in Definition 15 coincides with the canonical local function Fs.

Proposition 5. Given a complete-compatible semantics S, if S is fully decomposable then there is a unique local function satisfying the
conditions of Definition 15, coinciding with the canonical local function Fs.

Full decomposability can be viewed as the conjunction of two partial decomposability properties, namely top-down
decomposability and bottom-up decomposability.

In words, a semantics is top-down decomposable if the procedure to compute the global labellings identified by Def-
inition 15 is complete, i.e. all of the global labellings can be obtained by combining the labellings prescribed by Fs for
the restricted subframeworks, even if putting together labellings of the restricted subframeworks may give rise to some
“spurious” labellings besides the correct ones. The following definition formalizes this intuition.

Definition 16. A complete-compatible semantics S is top-down decomposable iff for any argumentation framework AF =
(Ar, att) and any partition & = {Pq, ..., Py} of Ar, it holds that Ls(AF) € % (£, AF, Fs).

While top-down decomposability corresponds to completeness of the procedure identified by Definition 15, bottom-up
decomposability requires its soundness, i.e. that any combination of local labellings is a global labelling, while it is not
guaranteed that all global labellings can be obtained in this way.

Definition 17. A complete-compatible semantics S is bottom-up decomposable iff for any argumentation framework AF =
(Ar, att) and any partition & = {Pq, ..., Py} of Ar, it holds that Ls(AF) D % (£, AF, Fs).

A comment on the two definitions above is in order. While the definition of full decomposability applies to any kind of
semantics and requires the existence of a local function satisfying the decomposability property, Definitions 16 and 17 are
restricted to complete-compatible semantics and refer to the canonical local function Fs to avoid triviality: the local function
returning all the possible labellings of AF trivially satisfies the inclusion condition of Definition 16 for any semantics, while
the local function always returning the empty set trivially satisfies the condition of Definition 17. This is the reason why
both definitions refer to the specific canonical local function, which makes sense for complete-compatible semantics in the
light of Proposition 5. If a semantics is not complete-compatible’ then the notion of canonical local function is meaningless,
since the labelling L » would not be in general enforced for the arguments of .# in the standard argumentation framework
w.rt. (AF, #,L #,R ) (see Proposition 2).

6 It is shown in Proposition 5 that considering the canonical local function is without loss of generality.
7 Besides admissible semantics, in the literature there are a few examples of non-complete-compatible semantics, like stage semantics [42] and various
forms of prudent semantics [24].
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As shown in Section 4, some semantics that do not satisfy full decomposability are still able to satisfy top-down de-
composability. Moreover, there are semantics that do not satisfy either of them: in this case it is interesting to investigate
whether decomposability holds by restricting the possible partitions of the argumentation frameworks to those satisfying a
given set of constraints. To express this restriction, we first introduce the notion of partition selector.

Definition 18. A partition selector % is a function receiving as input an argumentation framework AF = (Ar, att) and return-
ing a set of partitions of Ar.

A partition selector is defined as a function of argumentation frameworks, since different argumentation frameworks with
the same set of arguments may allow different sets of partitions, depending on the attack relation.

The decomposability notions introduced so far can then be extended to take into account a specific restriction on the
considered partitions.

Definition 19. Let .# be a partition selector. A complete-compatible semantics S is top-down decomposable w.r.t. .7 iff
for any argumentation framework AF and any partition &2 = {Pq,..., Py} € .% (AF), it holds that Ls(AF) C % (£, AF, Fs).
A complete-compatible semantics S is bottom-up decomposable w.r.t. % iff for any argumentation framework AF and any
partition {P1, ..., Py} € % (AF), Ls(AF) 2 % (£, AF, Fs). A complete-compatible semantics is fully decomposable (or simply
decomposable) w.r.t. a partition selector % iff it is both top-down and bottom-up decomposable w.r.t. .%.

Of course, full decomposability, top-down decomposability and bottom-up decomposability as introduced in Defini-
tions 15, 16 and 17, respectively, are equivalent to the corresponding decomposability properties w.r.t. %11, i.e. the selector
returning all possible partitions.

Definition 20. For any argumentation framework AF = (Ar, att), Zar,(AF) 2 {{P1,..., Py} | {P1, ..., Py} is a partition of Ar}.

Apart from this limit case, a particular partition selector that has received attention in the literature and will be consid-
ered in this paper is the one based on the notion of strongly connected component (SCC) of an argumentation framework.
Its importance is due to the fact that most argumentation semantics in the literature are SCC-recursive [10], which, briefly,
means that the semantics can be defined in terms of a base function operating at the level of single strongly connected
components. Roughly, this also implies that an incremental computation procedure based on the decomposition of the
framework into its strongly connected components can be defined, a property exploited in several subsequent works [33,40,
23]. Here we introduce the necessary basic definitions, leaving further discussion on this subject to Section 10.

Definition 21. Given an argumentation framework AF = (Ar, att), the set of strongly connected components of AF, denoted as
SCCS4r, consists of the equivalence classes of arguments induced by the binary relation of path-equivalence, i.e. the relation
p(A, B) defined over Ar x Ar such that p(A, B) holds if and only if A= B or there are directed paths from A to B and from
B to A in AF.

For instance, the argumentation framework of Fig. 1 has a unique strongly connected component including all of the
arguments, while for the argumentation framework AF of Fig. 2 it holds that SCCSar = {{D’}, {D}, {A, B, C}}.

At least two partition selectors based on strongly connected components can be considered. The simplest selector, de-
noted as %scc, includes for each argumentation framework AF the unique partition consisting of the strongly connected
components SCCSar. A second selector, denoted as .%_gcc, includes all the partitions such that every element is the union
of some (possibly unconnected) strongly connected components.

Definition 22. For any argumentation framework AF = (Ar, att), Fscc(AF) £ {SCCSar} \ {4}, Fuscc(AF) £ ({P1, ..., Pp} |
{Pq,..., Py} is a partition of Ar and Vi ((S € SCCSar A PiNS # @) — S C P;}).

It is immediate to see that, for any AF, Zscc(AF) € FUuscc(AF). As to the first part of the definition, note that the set
SCCSxr includes @ only in case AF = AFy, which does not admit any partition (since all the elements of a partition must be
nonempty), thus Fgcc (AFy) = 9.

4. Analyzing semantics decomposability

In this section we discuss the decomposability properties of the semantics reviewed in Section 2. A synthetic view of
the results is given in Table 1 (note that for all semantics full, top-down and bottom-up decomposability w.r.t. Fyscc turn
out to be satisfied if and only if full, top-down and bottom-up decomposability w.r.t. Zscc are satisfied, respectively). Since
admissible semantics is not complete-compatible, only the notion of full decomposability is applicable to it.
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Table 1
Decomposability properties of argumentation semantics.
AD Cco ST GR PR ID SST
Full decomposability (Definition 15) Yes Yes Yes No No No No
Top-down decomposability (Definition 16) - Yes Yes Yes Yes No No
Bottom-up decomposability (Definition 17) - Yes Yes No No No No
Full decomposability w.r.t. Fyscc and Fsce (Definition 19) Yes Yes Yes Yes Yes No No
Top-down decomposability w.r.t. Fuscc and Fgce (Definition 19) - Yes Yes Yes Yes No No
Bottom-up decomposability w.r.t. Fyscc and Fsce (Definition 19) - Yes Yes Yes Yes No No

4.1. Admissible and complete semantics

We first analyze admissible and complete semantics, since they are the basis for the other ones considered in this paper:
according to Definition 8, stable, grounded, preferred, ideal, and semi-stable semantics select labellings among the complete
ones, which are admissible by definition. Given this, it would be very unpleasant if complete (and thus admissible) semantics
would not be decomposable. As shown by Theorems 1 and 3, luckily both admissible and complete semantics turn out to
be fully decomposable.

The following definition introduces the canonical local function of admissible semantics, by extending the definition of
admissible labelling in order to account for “external” input arguments in the obvious way. The proof that the definition is
correct is provided by Theorem 2.

Definition 23. Given an argumentation framework with input (AF,.#,L s, R 7), Fap(AF, .#,L 7, R s) 2 {Lab € £(AF) |
Lab(A) = in — ((VB € Ar : (B, A) € att,Lab(B) = out) A (VB € .# : (B,A) € R #,L #(B) = out)), Lab(A) = out — ((3B €
Ar:(B,A) eatt ALab(B)=1in) v (3B € .7 : (B, A) € Ry AL #(B) = in))}.

Theorem 1 proves that admissible semantics is fully decomposable, showing that the local function Fap introduced in
Definition 23 satisfies the conditions of Definition 15.

Theorem 1. Admissible semantics AD is fully decomposable, with Fap satisfying the conditions of Definition 15.

The following theorem confirms that Definition 23 actually corresponds to the canonical local function of admissible
semantics.

Theorem 2. The canonical local function of admissible semantics is Fap, as defined in Definition 23.

Also the canonical local function of complete semantics can be guessed on the basis of the definition of complete
labelling.

Definition 24. Given an argumentation framework with input (AF, #,L s, R s), Fco(AF, #,L s, R y) 2 {Lab € £(AF) |
Lab(A) = in — ((VB € Ar: (B, A) € att,Lab(B) = out) A (VB € .# : (B,A) € R #, L #(B) = out)), Lab(A) = out — ((IB € Ar:
(B,A) eatt ALab(B)=1in)Vv (3B € .# : (B,A) € R4 AL #(B) = in)), Lab(A) = undec — (((VB € Ar : (B, A) € att, Lab(B) #
in)A(YBe.Z:(B,A)€R s, Ly (B)#1in)) A (@B €Ar: (B, A) € att ALab(B) =undec) vV (3B € .# : (B,A) € Ry AL #(B) =
undec)))}.

It is easy to see that Fco(AF,.#,L #,R #) C Fap(AF, .#,L #,R »), i.e. every “locally complete” labelling is also “locally
admissible”.

Theorem 3 shows that also complete semantics is fully decomposable.? Since the proof adopts Fco as the local function
and CO is complete-compatible, by Proposition 5 it holds that F¢p is actually the canonical local function of complete
semantics.

Theorem 3. Complete semantics CO is fully decomposable and Fco is its canonical local function.

4.2. Stable semantics

Stable semantics inherits full decomposability from complete semantics: the reason is that the definition of stable la-
belling corresponds to that of complete labelling with the additional requirement that no argument is labelled undec, and

8 Proposition 3 of [40] proves a weaker property of complete semantics, corresponding to bottom-up decomposability in the extension-based approach.
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this requirement holds at the level of the whole argumentation framework iff it holds in any of its subframeworks. The rel-
evant local function can easily be identified by taking into account this requirement (again, the fact that such local function
is the canonical one holds in virtue of Proposition 5).

Definition 25. Given an argumentation framework with input (AF,.#,L #,R. ), Fst(AF, #,L #,R z) £ {Lab € Fco(AF, .#,
Ly, R.y) | VA € Ar, Lab(A) # undec).

Theorem 4. Stable semantics ST is fully decomposable and Fsr is its canonical local function.

Example 4. Consider again the running example of Fig. 1. Taking into account the results provided in Example 2
for the local function of complete semantics, it is easy to see that Fsr(AFl(a g c},{D},{(D,out)}, {(D,A)}) =¥, that
Fst(AF|(a,8,c), {D}, {(D, in)}, {(D, A)}) = {{(A, out), (B, in), (C,out)}}, and for AF}p) that Fsr(AF|(p}, {A}, {(A, out)},
{(A,D)}) = {{(D, in)}}, Fst(AFl(py, {A},{(A, in)}, {(A, D)}) = {{(D, out)}}. Accordingly, there is just a pair of compatible
local labellings, namely {(A, out), (B, in), (C,out)} and {(D, in)}, giving rise to the unique stable labelling {(A, out),
(B, in), (C, out), (D, in)}.

4.3. Grounded and preferred semantics

As in the previous cases, the canonical local functions of grounded and preferred semantics can be obtained by ex-
tending the definition of grounded and preferred labelling, respectively. Proposition 6 identifies these functions, also
showing that the relevant definitions are well-founded, in particular, that there is always a unique minimal labelling in
Fco(AF, #,L #,R #) and that Fpr(AF, ¥, L 4, R #) is nonempty.

Proposition 6. The canonical local function of grounded and preferred semantics are defined as

e Fer(AF, .7, L #, R 7) = {L*}, where L* is the minimal (w.r.t. C) labelling in Fco(AF, &, L.z, R 7)
e Fpr(AF, .#,L s, R z) 2 {L|Lis amaximal (w.r.t. C) labelling in Fco(AF, #,L 7, R 7))}

Differently from stable semantics, grounded semantics and preferred semantics do not inherit decomposability from
complete semantics. The reason is that the definition of grounded/preferred labelling includes a minimization/maximization
requirement, and satisfying this requirement in all of the subframeworks does not entail satisfying it at the level of the
whole framework. To show this, consider the following counterexample.’

Example 5. We have shown in Example 2 that in the running example of Fig. 1 the outcome of Fc¢p is a unique labelling
in all cases, thus by definition it coincides with the outcome of Fgg and Fpr. Given the compatibility constraint, exactly
two global labellings arise from the combinations of the outcomes of F¢g, namely {(A, undec), (B, undec), (C,undec),
(D,undec)} and {(A, out), (B, in), (C, out), (D, in)}. The former is the grounded labelling, the latter is the preferred
labelling: it turns out that the combination of two “locally grounded” labellings gives rise not just to the “global” grounded
labelling but also to the preferred labelling, and analogously that the combination of two “locally preferred” labellings gives
rise not just to the “global” preferred labelling but also to the grounded one. This shows that grounded and preferred
semantics are not bottom-up decomposable.

Now, a question arises as to whether satisfying the minimization/maximization requirement at the level of the whole
argumentation framework entails that such requirement is satisfied at the local level, i.e. whether grounded and preferred
semantics are top-down decomposable. This result turns out to be true and is achieved through some intermediate steps.

First, Lemma 1 shows that if a labelling produced by Fap does not belong to Fco then there is an undec-labelled
argument which can be labelled in or out obtaining a labelling still in Fap.

Lemma 1. Given an argumentation framework with input (AF, .#,L ¢, R #), where AF = (Ar, att), let L be a labelling such that
Le Fap(AF, #,L s,R y) and L ¢ Fco(AF, Z, L #, R #). Then there is an argument A € Ar such that L(A) = undec and a labelling
LA € Fap(AF, #, L #, R ) such that L(A) € {in, out} and VB € Ar : B # A, L*(B) = L(B).

Lemma 2 shows that for every labelling produced by Fap there is a more or equally committed labelling produced by
Fco.

Lemma 2. Given an argumentation framework with input (AF, .¥,L 4, R ), for every labelling L1 € Fap(AF, .#,L #, R &) there
exists a labelling L, € Fco(AF, .#,L ¢, R ) such that L1 E L,.

9 A counterexample to decomposability of grounded semantics is provided also in [40].
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Fig. 3. A partition belonging to #gcc (Example 6).

Proposition 7 shows a sort of monotonicity property of Fco with respect to the C relation.

Proposition 7. Given an argumentation framework with input (AF, .#,L »,R_z), let L ', L 4 € £ » be two labellings of .# such
that Ly T L #2. Then it holds that

1. VL € Feo(AF, #,L#', R ), 3L, € Fco(AF, #,L 7%, R_7) such that L C Ly; and
2. VLy € Fco(AF, Z,L 4% R.y),3L1 € Feo(AF, .#,L 41, R #) such that Ly C L.

Building on the above results (more specifically, using the first point for Theorem 6 and the second point for Theorem 5)
we are now in a position to prove that grounded and preferred semantics are top-down decomposable.

Theorem 5. Given an argumentation framework AF = (Ar, att), let L be the grounded labelling of AF. For any set P C Ar, L|p €
FGr(AF)p, P™ L| pinp, PR).

Theorem 6. Given an argumentation framework AF = (Ar, att), let L be a preferred labelling of AF. For any set P C Ar, L{p €
Fpr(AFp, P™, L{ pinp, P).

While preferred and complete semantics fail to achieve bottom-up decomposability for arbitrary partitions, they turn
out to be bottom-up decomposable (thus fully decomposable) w.r.t. #scc. The result, proved in Theorem 7, is based
on a preliminary lemma, which roughly states that if a semantics S is top-down decomposable then a kind of top-down
decomposability relation holds for any labelling L € Fs(AF, .#, L #, R #) w.r.t. any set of arguments P in AF. More specifically,
given such a labelling L and P, it is possible to refer to a “restricted” argumentation framework with input based on P,
namely (AF|p, PF"° (LUL y)| prinp, PR), where intuitively PF", (LUL )| pr-inp, and PR are obtained by considering
both .# and AF (outside P). Then, the restriction of L to P is produced by Fs when applied to the restricted argumentation
framework with input mentioned above.

Lemma 3. Let S be a complete-compatible semantics which is top-down decomposable, with the canonical local function Fs. Given an
argumentation framework with input (AF, ., L #, R &), consider a labelling L € Fs(AF, .%,L #, R &) and let P C Ar be an arbitrary
set of arguments of AF. Then, letting PF-I"P £ Pi" U (A € .7 | 3B € P, (A, B) € R s} and PR 2 PR U (R s N (& x P)), it holds that
Lip € Fs(AF}p, PF" (LUL #)| pr-inp, PR).

Theorem 7. Grounded and preferred semantics are decomposable w.r.t. % gcc.

Example 6. Consider AF = ({A,B,C, D, E}, {(A, B), (B, (), (C,D),(D,C), (D, B),(C,E), (D, E)}) and the partition {P1, Py} €
Fuscc(AF) where Py = {A,E} and P, = {B,C,D} (see Fig. 3). It holds that P;"" = {C, D}, P1® = {(C,E), (D, E)},
P,i"P = {A}, PoR = {(A,B)}. Note that the partition is not “acyclic’, in that P; attacks P, and P, attacks P;. We
show that both in the case of grounded semantics and of preferred semantics the union of compatible local labellings
gives rise to the grounded labelling or a preferred labelling, respectively. First, note that any labelling returned by Fgr
and Fpr applied to AF|p, prescribes that A is labelled in, therefore it suffices to consider the labelling {(A, in)}
for the unique input argument of P,. As to grounded semantics, it turns out that Fgr(AF|p,, {A}, {(A, in)}, {(A, B)}) =
{{(B, out), (C,undec), (D,undec)}}, while Fgr(AF|p,,{C, D}, {(C,undec), (D,undec)},{(C,E),(D,E)})) = {{(A, in),
(E,undec)}}. We have a unique pair of compatible local labellings which give rise to the global labelling {(A, in), (B, out),
(C,undec), (D, undec), (E, undec)}, i.e. the grounded labelling of AF. As to preferred semantics, Fpr(AF| p,, {A}, {(A, in)},
{(A, B)}) returns two labellings, i.e. {(B, out), (C, in), (D, out)} and {(B, out), (C, out), (D, in)}, while Fpr(AF|p,,{C, D},
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Fig. 4. Ideal semantics is neither top-down nor bottom-up decomposable w.r.t. #scc (Example 7).

{(C, in), (D, out)},{(C, E), (D, E)}) = Fpr(AF|p,,{C, D}, {(C, out), (D, in)}, {(C, E), (D, E)}) = {{(A,in), (E, out)}}. Ac-
cordingly, the union of compatible local labellings gives rise to {(A, in), (B, out), (C, in), (D, out), (E, out)} and
{(A, in), (B, out), (C, out), (D, in), (E, out)}, i.e. the preferred labellings of AF.

4.4. Ideal semantics

Similarly to the cases analyzed in the previous sections, the canonical local function of ideal semantics corresponds to
an extension of the definition of ideal labelling. The following proposition identifies the relevant definition, also showing
that it is well founded (in particular, that Fip(AF, ., L #, R &) always returns a unique labelling).

Proposition 8. The canonical local function of ideal semantics is defined as Fip(AF, .#,L 4, R #) = {L*}, where L* is the maximal
(w.r.t. ©) labelling in Fco(AF, .#, L #, R &) such that for each Lp € Fpr(AF, .#,L #, R ») it holds that L* C Lp.

Ideal semantics has some common features both with preferred and with grounded semantics: on the one hand, its
definition is based on the preferred labellings, on the other hand it yields a unique labelling, like the grounded semantics. As
a matter of fact, a formal skepticism comparison between semantics shows that ideal semantics lies between grounded and
preferred semantics [9]. Ideal semantics does not inherit any decomposability property from them: the following example
shows that ideal semantics is neither top-down nor bottom-up decomposable even w.r.t. Fgcc.

Example 7. AF = ({A, B,C, D, E}, {(A, B), (B, A), (A, (), (C, A), (B,(),(C,B),(C,D),(D,E), (E,D)}) has the unique partition
{S1, S2} € F#5cc(AF), where S ={A, B,C} and S, = {D, E} are the strongly connected components of AF (see Fig. 4). There
are 5 preferred labellings of AF and there is no argument which is labelled in in all of them, thus the ideal labelling
L* leaves all of the arguments undecided. To show that ideal semantics is not top-down decomposable w.r.t. Zscc, it is
sufficient to note that L*|s, = {(D, undec), (E, undec)}, while it turns out that Fip(AFls,, {C}, {(C,undec)}, {(C,D)}) =
{{(D, out), (E, in)}}.

To show that ideal semantics is not bottom-up decomposable w.r.t. Fscc, consider first the application of Fip to AF|s,:
it is easy to see that Fip(AFls,,#,%,¥) = {(A,undec), (B, undec), (C,undec)}, since AF|s, admits the three preferred
labellings where one of the three arguments {A, B, C} is in and the others are out. Moreover, we already know that
Fip(AFls,, {C}, {(C,undec)}, {(C, D)}) = {{(D,out), (E, in)}}, thus the labellings {(A,undec), (B, undec), (C,undec)}
and {{(D, out), (E, in)}} are compatible. However, the union of these two labellings does not coincide with the ideal
labelling L*.

The previous example contradicts'® a result presented in [33], according to which ideal semantics is decomposable w.r.t.
partitions including two elements one of which is unattacked (i.e. does not receive attacks from outside, Sy in Fig. 4). The
reason why ideal semantics is not decomposable is that, considering a strongly connected component P, the restriction of
the ideal labelling to the input arguments of P does not always carry enough information to compute the restriction of the
ideal labelling to P. In the previous example, argument C is labelled undec by the ideal labelling while it is labelled in or
out by the preferred labellings, i.e. those which actually determine the ideal labelling according to Definition 8.

4.5. Semi-stable semantics

The definition of semi-stable semantics somewhat resembles that of preferred semantics, in that semi-stable labellings
correspond to those preferred labellings which satisfy the additional requirement of minimizing the set of arguments la-
belled undec. The following proposition shows that the canonical local function is defined accordingly.

10 A detailed discussion of this matter is given in [11].
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Fig. 6. Semi-stable semantics is not bottom-up decomposable w.r.t. Fgcc (Example 9).

Proposition 9. The canonical local function of semi-stable semantics is defined as Fssy(AF, .#,L 7, R z) 2 {L|L € Fco(AF, 7, L &,
R #) such that undec (L) is minimal w.r.t. set inclusion}.

Differently from all semantics considered above, semi-stable semantics is not directional [8], i.e. given an unattacked set
of arguments S the labellings computed in AF|s do not correspond to the restrictions of the labellings of AF in S. As shown
in the following two examples, this behavior prevents the satisfaction of top-down and bottom-up decomposability even
W.L.L. ygcc.

Example 8. To show that semi-stable semantics is not top-down decomposable w.r.t. #gcc, consider AF = ({A, B, C, D},
{(A, B), (B, A),(B,C),(C,B),(C,C), (A, D), (D,D)}), where SCCSqr = {P1, P2} with P; = {A,B,C} and P, = {D} (see
Fig. 5). There are two semi-stable labellings in AF, namely L; = {(A, in), (B, out), (C,undec), (D,out)} and L, =
{(A, out), (B, in), (C, out), (D,undec)}. Consider then the partition {Pq, P2} € Zscc(AF) where Pp is unattacked. Note
in particular that L1} p, = {(A, in), (B, out), (C, undec)}, which however does not belong to Fsst(AF|p,,?, ?, ?), since the
only semi-stable labelling in AF|p, is {(A, out), (B, in), (C, out)}.

Example 9. To show that semi-stable semantics is not bottom-up decomposable w.r.t. Fgcc, consider the argumenta-
tion framework AF = ({A, B, C}, {(A, B), (B, A), (B, C), (C,C)}) and the partition {P1, P2} € Fgcc(AF) with P; = {A, B} and
P, = {C} (see Fig. 6). It is easy to see that {(A, in), (B, out)} € Fsst(AF|p,, %, %, ), and that Fsst(AF|p,, {B}, {(B, out)},
{(B, C)}) = {{(C,undec)}}. Now, the union of these compatible labellings, i.e. {(A, in), (B, out), (C, undec)}, is not a semi-
stable labelling of AF, since the unique semi-stable labelling of AF is {(A, out), (B, in), (C, out)}.

5. Effect-dictated semantics

This short section introduces the simple concept of effect-dictated semantics, which is crucial for the analysis to be
carried out in the next section. For every semantics S analyzed in Section 4, it can be noted that Fs(AF, ., L #,R ) may
return the same result given different .#, L » and R . For instance, if an argument A of AF is attacked by an argument
of .# which is labelled in, then Fs returns the same set of labellings independently of the presence and the number of
additional attackers of A in .#. The effect of (.#,L #,R ) on the arguments Args of AF can be modelled as the labelling
that would be induced on Args by neglecting the attacks inside AF. For instance, if an argument A of AF is only attacked
through R # by out-labelled arguments according to L #, then A would be in in the case that it does not receive other
attacks inside AF.!! The following definition formalizes this intuition.

Definition 26. Given a set of arguments .7, a labelling L » € £ &, a set of arguments Args such that .# NArgs=¢ and a
relation Rjnp € ¥ x Args, the effect of (7, L #, Rinp) on Args, denoted as effangs(#, L 7, Rinp), is defined as

11 The effect is a bit different for admissible semantics, but this does not affect its technical treatment, as well as the subsequent results.
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Fig. 7. Summarizing a chain of arguments (Example 10).

{(A,out) |AcArgs,3B € .¥ : (B,A) € Rp ALy(B)=1in} U
{(A,undec)| A€Args,3Be .¥ : (B,A) € Rinp ALy (B) =undec, #C € .# : (C,A) e Rnp AL#(C) =in} U
{(A,in) | A€ Args,#B € .7 : (B, A) € Rinp A L#(B) € {in, undec}}

By definition, effang(-#, L #, Rinp) only depends on the labelling of the arguments in .# that attack Args through Rynp.
Moreover each argument in Args not receiving attacks from .# is labelled in according to effans(.#, L 7, Rinp). Thus, in
the particular case where .# = (thus also L » and Rjyp are empty), it turns out that effarg (4, ¥, ¥) = {(A, in) | A € Args}.

The following lemma proves a monotonic relation between labellings and effects.

Lemma 4. Given a set of arguments .#, two labellings L' _, L?y € £ g, a set of arguments Args such that .# N Args = ) and a relation
Rinp € .7 x Args, if L, T L%, then ef fags(#, L', Rinp) € ef fargs (S, L%, Rinp).

A semantics S is said to be effect-dictated if, given AF = (Ar, att), Fs(AF, .#,L #, R &) only depends on eff4(.#,L #,R »),
rather than on the whole labelling L » and the specific relation R ».

Definition 27. A semantics S is effect-dictated if (effs(#1,L 7, R 7) = effar(S, Ly, R ) = Fs(AF, S, L 7, R y) =
Fs(AF, #,L 4,,R z,) for every AF, #, %, L4, L, R and Rz, where AF = (Ar, att) is an argumentation framework,
#1 and %, are two sets of arguments such that #1 NAr=0 and % NAr=0, L s, € £ 4 and L z, € £ 4, two labellings of
#1 and ¥ respectively, and R 7, € .#1 x Ar and R z, C %, x Ar two relations.

All the semantics considered in this paper are effect-dictated as shown by the following proposition.
Proposition 10. Every semantics S € {AD, CO, ST, GR, PR, ID, SST} is effect-dictated.

6. Argumentation multipoles and their interchangeability

In this section, we introduce argumentation multipoles, that are conceived as modular components equipped with a
well-defined interface to connect with each other and may play the role of “partial” frameworks in the context of a global
one. This yields the possibility of replacing a component with another one which is equivalent as far as the Input/Output
behavior is concerned.

6.1. The notion of argumentation multipole

The first step to provide a systematic treatment of argumentation multipoles is to identify a definition to capture their
structure in the most general way. To this aim, we consider a number of examples, starting from a common component, i.e.
a chain of arguments.

Example 10. Consider the argumentation frameworks AF; and AF, shown in Fig. 7. AF, can be obtained from AF; by “sum-
marizing” the component .#1, including the arguments A1, Az, Az, A4, with the component .5, including the arguments
A1 and Aj;: according to any complete-compatible semantics considered in this paper, the labellings restricted to E1 and Eo,
i.e. the arguments common to AF; and AF,, are the same in the two frameworks, i.e. E1 is labelled in and E; is labelled
out. More generally, consider a finite sequence of n arguments Ay, ..., Ap such that each argument attacks the subsequent
one, i.e. A; attacks A;yq1 with 1 <i <n and suppose that only A; can receive further attacks from other arguments and
only A, can attack other arguments. Then it is intuitive to see that the “black-box behavior” of a sequence of arguments of
this kind, whose external “terminals” are A; and A;,, only depends on whether n is even or odd. In fact, the behavior of
any even-length sequence is the same as in the case n =2 (if A is in then A, is out, if Ay is out then A, is in, if A4
is undec then A, is undec), while for any odd-length sequence the behavior is the same as the one of A; alone (with n
odd, A, gets necessarily the same label as A1).
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Fig. 8. Summarizing two chains of arguments attacking an argument O (Example 11).
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Fig. 9. Summarizing two contradicting arguments attacking an argument O (Example 12).

On the basis of the previous example, a modular component may tentatively be defined as an argumentation frame-
work'? where the “input terminals” and the “output terminals” are explicitly identified (e.g. AF1l{4,,...As) in the example,
where Ajp is the unique input terminal and A4 in the unique output terminal). Two components can be interchanged only
if they have the same input and output terminals, and this interchange does not modify the attacks relating these terminals
with the unchanged arguments (E; and E, in the example). However, the following two examples show that this approach
is too restrictive, since there are cases where it is useful to modify both the set of input and output terminals as well as the
relevant attack relation.

Example 11. Consider the argumentation frameworks AF; and AF, shown in Fig. 8. AF, can be obtained from AF; by sum-
marizing the component ./, including the arguments A1, A, B1, B2, O, with the component .#> including the argument
O only: according to all complete-compatible semantics considered in this paper the arguments E1, E; and E3 are labelled
in both in AF; and AF,. More generally, the black-box behavior of .#; is the same as the one of .#5, since in .#; A, gets
the same label as E; and B gets the same label as E;, thus the label of O is the same as in .#>. As a consequence, one
may expect that .#; can be interchanged with ./, also in more articulated examples. Note that while .#; has two input
terminals, .#5 has only one input terminal coinciding with the unique output one.

Example 12. Consider the argumentation frameworks AF; and AF, shown in Fig. 9 and assume preferred semantics is
adopted. AF, can be obtained from AF; by summarizing the component .#1, including the arguments Ay, A, and O, with
the component .#> including the arguments I and O: both in AF; and AF, the argument E; is labelled in, E; is labelled
out and Ej is labelled in. More generally, under preferred semantics the black-box behavior of .#; is the same as the one
of .#,: if E; is in then O is in, if Ey is out then O is out (in particular .#; admits a labelling where A; is in, Aj
is out and O is out, and a labelling where A7 is out, Ay is in and O is out), if E; is undec then O is undec. As a
consequence, one may expect that .#; can be interchanged with .#, also in more articulated examples. Note that while
M7 receives two attacks from E; in AFq, .#/> receives one attack only in AF,.

The previous examples show that the definition of a modular component should include the input attack relation Rjnp,
consisting of the attacks from the arguments that are not part of the component to the arguments that belong to the
component itself: this way, the definition leaves room for replacements of modular components that lead to changes in the
input attack relation, as in the previous example. A similar reasoning concerns the output attack relation Royrp, including
the attacks from a modular component towards the outside arguments. In any case, there is no need to explicitly model
the input and output terminals, since they can easily be derived from the input and output attack relations. Inspired by the

12 This approach has been followed in our paper [2], leading to the notion of Input/Output Argumentation Framework.
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Fig. 10. A graphical representation of the notion of argumentation multipole.

digital logic field, we call the resulting structure an Argumentation Multipole. In order to express Rjp and Royrp, without
loss of generality we define an Argumentation Multipole w.r.t. a set E, i.e. w.r.t. the set of arguments that are not part of the
multipole and thus remain unchanged if the multipole is replaced.

Definition 28. An Argumentation Multipole (or, briefly, multipole) .#Z w.r.t. a set E is a tuple (AF, Rinp, Routp), Where letting
AF = (Ar, att) it holds that ArNE =@, Rjnp € E x Ar, and Royrp C Ar x E. Extending the notation introduced in Definition 10,
we denote as .Z'" the set {A € E |3B € Ar, (A, B) € Rinp}, i.e. including the arguments of E which attack Ar through Rp.
Moreover, we denote as .#°"P the set {A € Ar | 3B € E, (A, B) € Rourp}, i.e. including the arguments of AF attacking E
through Royrp.

Fig. 10 provides a graphical representation of the definition. For instance, in Example 10 .#71 = (AF1l{A,,A;.A3 A4}
{(E1, AD}L {(A4, Ex)}) and 42 = (AF2 (4,453, {(E1, A1}, {(A2, E2)}), in Example 11 it holds that .#1 = (AF1!(a;,4,.B;,8,,0}
{(E1, A1), (E2, B}, {(0,E3)}) and .#> = (AF20y,{(E1, 0), (E2, 0)},{(0, E3)}), in Example 12 .#1 = (AF1l{a;,4,,0},
{(E2, A1), (E2, A2)},{(0, E3)}) and .43 = (AF2 1,0, {(E2, D}, {(O, E3)}).

A particular multipole which is useful to consider in some practical examples is the empty multipole .4 £ (AFy, 9, 9),
i.e. including the empty argumentation framework AFy. It is easy to see that ./ = .#;°""? = ¢.

6.2. Input/Output equivalence of argumentation multipoles

After having introduced the definition of argumentation multipole, the next step is to formally characterize the relevant
“black-box behavior”: this way, the Input/Output equivalence relation between multipoles can be identified as the one
relating the multipoles having the same behavior.

When a multipole w.r.t. a set E is “connected to the external world” it “receives” some input from outside through
the relation Rjyp and “produces” an output which is induced by the labellings of the multipole and transferred to the
set E through the relation Royrp. Technically speaking, the labellings and thus the relation between input and output
are determined by a (semantics specific) local function, thus the equivalence relation between argumentation multipoles
depends on the considered semantics S, and is called S-equivalence to reflect this dependency. For instance, in Example 12
1 and ., are PR-equivalent (i.e. equivalent under preferred semantics), while they are not GR-equivalent, since under
grounded semantics if E; is labelled out then O in .#; is labelled undec, while O in .#5 is labelled out. Intuitively, .
is GR-equivalent e.g. to a multipole ./ obtained from ./, by adding a self-attack from I to I itself.

According to the above examples, two argumentation multipoles w.r.t. the same set E may be tentatively defined as
S-equivalent if for any possible input, i.e. any labelling of E, Fs produces the same labellings of the output terminals in
the two argumentation multipoles. For instance, in Example 12 under preferred semantics O is in for any labelling where
Ey is in, it is out for any labelling where E; is out and it is undec for any labelling where E, is undec. However,
this approach works only in case the two multipoles have the same output terminals. Moreover, as the following example
shows, the way E is affected by the labellings of an argumentation multipole (AF, Rinp, Rourp) also depends on the attack
relation Royrp.

Example 13. Consider the argumentation frameworks AF{ and AF, shown in Fig. 11 and the application of preferred seman-
tics. The multipole .#1 = (AF1l(0,,0,}.%,{(01, E), (02, E)}) w.rt. {E} in AF; affects the argument E by means of the two
arguments 01 and O, while .#, = (AF20},9,{(0, E)}) in AF, affects E by means of the argument O. Intuitively, under
preferred semantics .#7 and .#> are equivalent: in .#; there are two preferred labellings, i.e. {(O1, in), (03, out)} and
{(01, out), (03, in)}, thus in any case an argument labelled in attacks E making it out, and similarly .#> interacts with
E making it out, since .#> admits the unique labelling {(0, in)}.

We can formalize these intuitions by extending the notion of effect to multipoles (see Definition 26). Let us consider a
semantics S. Given a multipole .Z w.r.t. a set E, for any “input” labelling Ly € £ the local function Fs prescribes a set of
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Fig. 11. Summarizing two contradicting arguments (Example 13).
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Fig. 12. Summarizing a 4-length cycle of arguments (Example 14).

labellings for .#. Each of these labellings has its own effect on E, therefore the global effect of the multipole receiving an
input Lg is a set of labellings of E whose members are all the single effects.

Definition 29. Let .# = (AF, Rjnp, Rourp) @ multipole w.r.t. a set E and S an argumentation semantics. Given a labelling
Lg € £, the S-effect of (.#,Lg) on E, denoted as S-effp(.#,Lg), is defined as {ef g (AP, L} youn, Rourp) | L €
Fs(AF, A", Lg|_zim, Rinp)}.

Note that if Fs(AF, .#'" Lg 4 _yino» Rinp) =9, i.e. the local function prescribes no labelling, then S-eff¢(.#,Lg) = 0.

Example 14. Consider the argumentation frameworks AF; and AF, shown in Fig. 12, and the multipoles .#; =
(AF11{A;.A2.A5.A4), 9, {(A3, E)}) wrt. {E} and .45 = (AF2 B, ,B,}, ¥, {(B2, E)}) w.r.t. {E}. . has two preferred labellings, one
where A3 is in and another where A3 is out, hence PR-ef f(g)(#1, %) = {{(E1, in)}, {(E1, out)}}. Similarly, .#> has two
preferred labellings, one where B; is in and another where B; is out, leading to PR-ef £(g)(.#1,¥) = PR-e £ £(g) (A, V).

It is worth considering the effect of the empty multipole .#j. Intuitively, .#j should have no effect on the arguments
of E, i.e. all of them should be assigned the label in according to the effect itself. Technically, this is guaranteed if the
semantics is defined in such a way as to prescribe the unique possible labelling ¢ to the empty argumentation framework
AFy, as it happens for any semantics considered in this paper. Intuitively, if this were not the case the empty multipole
would prevent the identification of any labelling for the whole argumentation framework, yielding to a pathological be-
havior. Accordingly, the condition Ls(AFy) = {#} is required in all the following propositions and theorems'® referring to a
generic semantics S.

Proposition 11. Consider a semantics S such that Ls(AFy) = {#}}. Given a set of arguments E and a labelling Ly € £, it holds that
S-effg(Ay, Le) ={{(A,in) | A € E}}.

13 The reader may wonder why this condition has never been considered in the context of decomposability properties. The reason is that decomposability
refers to partitions of the argumentation framework, which by definition include nonempty sets only.
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Fig. 13. A contextually PR-legitimate replacement (Examples 15 and 17).

Two multipoles .#1 and .#, w.r.t. E can be considered S-equivalent if, for any possible labelling Lg € £g, S-effg(#1,LE)
=S-effg(#>,Lg). For reasons that will be clear later, it is also useful to identify multipoles that have the same effect only
for a subset of input labellings: in order to capture this possibility, we define equivalence under a set of labellings of E.

Definition 30. Two multipoles .#; and .#, w.r.t. a set E are Input/Output S-equivalent (or simply S-equivalent) under a set
of labellings £ C £ iff for any labelling Lg € £ it holds that S-ef fg(.#1,Lg) =S-ef fg(.#>,Lg). The multipoles .#; and
M are S-equivalent iff they are S-equivalent under L.

It is easy to see that if two multipoles w.r.t. E are S-equivalent then they are S-equivalent under any set £ C £f.
In Example 10, Example 11 and Example 14 .#7 and .#, are GR-equivalent and PR-equivalent, while in Example 12 and
Example 13 .#; and .#> are PR-equivalent but not GR-equivalent.

6.3. Replacements and transparent argumentation semantics

As anticipated by previous examples, an argumentation multipole can be viewed as a component of an argumentation
framework that can be replaced with another multipole giving rise to a (possibly) different argumentation framework. In
particular, given an argumentation framework AF = (Ar, att), one may partition the set of arguments Args into two sets,
i.e. a set E which is not involved in the replacement and the set D; = Ar \ E which is replaced along with the relevant
attacks: the set Dy identifies the multipole .#; = (AF|p,, attN(E x D1), attN (D1 x E)) w.r.t. E, which can be replaced with
another multipole .#5 w.r.t. the same set E. For later use in the paper, it is worth identifying those replacements such that
a partition belonging to the set returned by a selector .# is enforced both before and after the replacement.

Definition 31. Let AF = (Ar, att) be an argumentation framework, and E C Ar be a subset of its arguments. Let D1 =Ar \ E,
Rl\p = attN(E x D1) and R};p = attN (D1 x E). A replacement % is a tuple (AF, ./, .#>) where .1 = (AF}p,, Rlyp, Rbyrp)
and ./, is an argumentation multipole w.r.t. E. The set E is called the invariant set of the replacement %. Assuming
A = ((D2, Rp,), RIZNP, R(Z)UTP), the result of the replacement &%, denoted as T (%), is the argumentation framework AF, =
(EUDy, (attNE x E)yU RIZNP URp, U R%UTP). Given a partition selector .%, a replacement (AF, .#1, .#>) is % -preserving if
both ({E, D1} \ ¥) € #(AF) and ({E, D2} \ ¥) € Z (T (AF, 1, A42)).

It is easy to see that T(AF, .#, .#1) = AF. Moreover, letting AFy = T(AF, .41, /) it holds that T (AF,, .#>, /1) = AF.
Note that, in the definition of .%-preserving replacement, the empty set is excluded from the requirement of belonging to
% (AF). The reason is that by definition the empty set does not belong to any partition, however in case one of the sets in
{E, D1} or {E, D3} is empty then it is sensible to require only the nonempty set to belong to .% (AF).

In Examples 10-14, the result of the replacement (AFy,.#1, .#>) is the argumentation framework AF,.

While Definition 31 leaves room for any possible replacement, not all of them can be considered legitimate. In partic-
ular, we seek for replacements involving multipoles having the same Input/Output behavior, otherwise in most cases the
labellings of the resulting frameworks would be different in the invariant set E, leading to changes in the status assignment
of the relevant arguments. For instance, in Example 10 replacing .#; in AF; with a multipole including a single argument
(or an odd-length chain of arguments) would change the label assigned to E; from out to in. In order to explore the
notion of legitimate replacements, let us consider an issue arising e.g. in the following example.

Example 15. Consider the application of preferred semantics on the argumentation frameworks AF; and AF, shown in
Fig. 13, where .# = (AF1(a,.A5.43). ((E1. A1), (E2. AD}, (A3, ED)}) and . = (AF2)(c). {(E1.C), (E2, O} {(C, E)}) are
two argumentation multipoles w.r.t. {E1, E}, AF; = T(%) with % = (AF1, .#1,.#>), and the invariant set of the replace-
ment & is E = {E1, E2}. The multipole .#; is not PR-equivalent to .#5: considering the labelling {(E1, out), (E2, out)}
Fpr prescribes for .#; the unique labelling {(A1,undec), (A2,undec), (A3,undec)}, whose effect on {Eq, Ey} is
{(E1,undec), (E2, in)}, while Fpr prescribes for .#, the unique labelling {(C,in)}, whose effect on {Eq, E3} is
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{(E1, out), (E2, in)}. However, taking into account the possible labellings of .#; and .#5, it can be noted that the labelling
{(E1, out), (E2, out)} is impossible both in AF; and in AF,. As to AFq, if A3 is in then Fpg prescribes for {Eq, E3} the
labelling {(E1, out), (E2, in)}, if Az is out then it prescribes the labellings {(E1, out), (E3, in)} and {(E1, in), (E2, out)},
if Az is undec then it prescribes the labelling {(E{, out), (E2, in)}. As to AF,, the situation is the same. Summing up,
the set of labellings that can be “seen” by .# and .#, is £5% = {{(E1. out), (E2, in)}, {(E1. in), (E2, out)}}, under which
A1 and ./ turn out to be PR-equivalent. In fact, for each of the labellings in 2&, Fpr prescribes for .#; the unique
labelling {(A1, out), (A2, in), (A3, out)}, whose effect on {Eq, E2} is {(E1, in), (E2, in)}, and Fpr prescribes for .#5 the
unique labelling {(C, out)}, whose effect on {Eq, E3} is again {(E1, in), (E2, in)}.

Thus, a replacement may be considered as legitimate even if the involved multipoles are not equivalent under all la-
bellings, provided that they are equivalent under the possible ones (in a sense, input labellings that never occur are neglected
as the “don’t care terms” in digital logic). Of course, one may accept to replace a multipole only with an equivalent one,
since in this case equivalence holds independently of the context (in particular, the multipoles would remain equivalent
even modifying the attack relations between arguments of the invariant set E). In order to distinguish between the two
cases, a replacement is called contextually legitimate in the first case, and simply legitimate in the latter. Independently of its
legitimacy properties, we call safe a replacement that does not yield modifications of the labellings in E.

Definition 32. Let S be an argumentation semantics and AF = (Ar, att) be an argumentation framework. A replacement % =
(AF, .#1, .#>) with invariant set E is S-legitimate if .#1 and .#> are S-equivalent, it is contextually S-legitimate if .#7 and
Al are S-equivalent under £3,, where £5, £ {Fs(AF| g, #1°""", L1, Riypp) | L1 € £ 00} U{Fs(AF | g, . 2°"P, L, REyypp) |
L e 2//1 outp }. Moreover, % is S-safe if {L{ g |L € Ls(AF)} ={L| g | L € Ls(T (AF, //1,///2))}

It is easy to see that every legitimate replacement is also contextually legitimate. For instance, in Example 12 the re-
placement (AFy,.#1, .#>) is PR-legitimate and PR-safe, it is not contextually GR-legitimate nor GR-safe. In Example 15 the
replacement (AFy, .#1, ./>) is contextually PR-legitimate (but not PR-legitimate) and PR-safe, and the same holds according
to grounded semantics.

The examples presented so far may give the impression that for any semantics S a (possibly contextually) S-legitimate
replacement is always S-safe, i.e. replacing a multipole with an equivalent multipole preserves the labellings in the invariant
set of the replacement. This property may seem natural and easy to prove, however it is shown in Section 8 that it does not
hold for all semantics: we denote as transparent the semantics such that legitimate replacements are always safe, strongly
transparent the semantics such that contextually legitimate replacements are always safe. Similarly to decomposability, also
transparency may hold under a restriction on the partition identified by the multipoles that are replaced: accordingly, we
introduce the concept of transparency w.r.t. a partition selector .#.

Definition 33. A semantics S is transparent if any S-legitimate replacement is S-safe, it is strongly transparent if any con-
textually S-legitimate replacement is S-safe. Given a partition selector %, a semantics S is transparent w.rt. % if any
% -preserving and S-legitimate replacement is S-safe, it is strongly transparent w.r.t. % if any % -preserving and contextu-
ally S-legitimate replacement is S-safe.

Since any (.%-preserving) legitimate replacement is also contextually legitimate, any strongly transparent semantics
(w.r.t. #) is also transparent (w.r.t. ).

A limit case which is theoretically interesting to consider is a replacement (AF,.#1, .#>) with the invariant set E equal
to the empty set, i.e. when an entire argumentation framework is replaced by another one.

Proposition 12. Consider a semantics S such that Ls(AFy) = {#} and a replacement % = (AF, .#1, .#>) with invariant set E = (.
Letting AF, = T (%), the following conditions are equivalent:

o Z is S-legitimate

e Z is contextually S-legitimate

o [Ls(AF)| > 0 A [Ls(AF2)| > 0, or Ls(AF) = Ls(AF2) =
o X is S-safe.

Intuitively, there are no preserved arguments, thus the effect of any labelling of AF on the outside empty set is the same
as the effect of any labelling of AF,. The only difference arises in the case that AF “crashes” (i.e. admits no labellings) while
AF;, does not exhibit such pathological behavior, or vice versa.

Note that the notions of replacement and transparent semantics refer to partitions of argumentation frameworks into
just two subframeworks, i.e. one corresponding to the replaced multipole .#; (or the replacing one .#>) and the other
identified by the invariant set E. This is not restrictive, since one can treat a multiple replacement of several multipoles as
a sequence of replacements each involving just one multipole. The following proposition shows that safeness is preserved
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Table 2
Transparency properties of argumentation semantics.
AD co ST GR PR ID SST
(Strong) transparency Yes Yes Yes Yes No? No No
(Strong) transparency w.r.t. Fyscc and Fgcc Yes Yes Yes Yes Yes No No
(Strong) transparency in case of acyclic multipoles Yes Yes Yes Yes Yes Yes No

2 holds under additional conditions (see Definitions 34 and 35).

by a sequence of safe replacements, and the same holds for skeptical and credulous justification of those arguments that
are not replaced.

Proposition 13. Let AF = (Ar, att) be an argumentation framework. Consider a sequence of replacements (R1, R2, ..., Rp) where
Ri = (AF;, #; 1, M 2), E; is the invariant set of R;, AF1 = AF and, forany 1 < i <n, AF; = T(AF;_1, #i_1,1, #;_12). Let AF, be the
result of the sequence of replacements, i.e. AF,. = T (AFy, My 1, #n2). If all replacements R; are S-safe, then letting E=E1N...NEy
it holds that {L| g | L € Ls(AF)} = {L| g | L € Ls(AF,)}. Moreover, any argument A € E is skeptically/credulously justified according to
S in AF if and only if it is skeptically/credulously justified according to S in AF,.

7. The relationship between decomposability and transparency

Intuitively, there is a close relationship between decomposability and transparency: if a semantics is decomposable,
i.e. the labellings prescribed for an argumentation framework are completely determined by applying the canonical local
function to the elements of a partition, then one may expect that replacing a multipole with another one having the same
Input/Output behavior has no impact on the invariant set of the replacement. This intuition is confirmed by Theorem 8,
showing that decomposability of a semantics S is a sufficient condition for strong transparency.

Theorem 8. Consider an effect-dictated semantics S such that Ls(AFy) = {#}. If S is decomposable w.r.t. a partition selector .% then S
is strongly transparent w.r.t. ..

While full decomposability is a sufficient condition for strong transparency, it is not necessary. In particular, for a single-
status semantics which is top-down decomposable a relaxed form of bottom-up decomposability is sufficient to ensure
strong transparency. More specifically, in this case bottom-up decomposability requires the union of local labellings to coin-
cide with the (unique) global labelling. However, just requiring the union of local labellings to be more or equally committed
than the global labelling is enough to achieve strong transparency, as shown by Theorem 9.

Theorem 9. Let S be an effect-dictated single-status semantics such that Ls(AFy) = {#}}. Suppose that S is top-down decomposable w.r.t.
a partition selector % and satisfies the following property: for any argumentation framework AF and any partition {E, D} € .7 (AF),
letting L be the labelling prescribed by S for AF, if LE € £ and LP e £p are two labellings such that LF € Fs(AF| g, E™,LP | pinp, ER)
and LP € Fs(AF|p, D™ LE| i, DR), then LC LE ULP. Then S is strongly transparent w.r.t. 7.

8. Analyzing transparency of argumentation semantics

In this section we discuss the transparency properties of the semantics reviewed in Section 2. A synthetic view of
the results is given in Table 2 (for all semantics strong transparency turns out to be equivalent to transparency, and any
transparency property w.r.t. .-%gcc holds if and only if the same property holds w.r.t. Fgcc).

8.1. Admissible, complete and stable semantics

As shown in Section 4, admissible, complete and stable semantics satisfy full decomposability: this easily yields strong
transparency for such semantics.

Theorem 10. Admissible semantics AD, complete semantics CO and stable semantics ST are strongly transparent.

For instance, in Examples 10 and 11 the replacement % = (AFi,.#1,.#>) is S-legitimate, where S € {AD, CO, ST},
therefore it is also S-safe, i.e. {L{f | L € Ls(AF1)} = {L{r | L € Ls(AF2)}. In Examples 12, 13 and 14 & is ST-legitimate,
in Example 15 it is contextually ST-legitimate, therefore in all cases % is ST-safe. In particular, in Example 15
Lst(AF1) = {{(E1, in), (E2, out), (A1, out), (A2, in), (A3, out)}, {(E1, out), (E2, in), (A1, out), (A2, in), (A3, out)}} and
Lst(AFy) = {{(Eq, in), (E3, out), (C, out)}, {(E1, out), (E2, in), (C, out)}}, thus the stable labellings restricted to {Eq, E2}
are {(E1,out), (Ez,in)} and {(E1, in), (E2, out)} both in AF; and in AF,.
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Fig. 14. Preferred semantics is not transparent (Examples 16 and 18).

8.2. Grounded semantics

As shown in Section 4.3, grounded semantics is not fully decomposable but only top-down decomposable.
Theorem 11 shows however that grounded semantics is strongly transparent, building on the result proved in Theorem 9.

Theorem 11. Grounded semantics GR is strongly transparent.

For instance, in Examples 10, 11 and 14 the replacement (AF1, .#1, .#>) is GR-legitimate, therefore it is also GR-safe. In
Example 15 the replacement % = (AFy, .#1, ./#>) is contextually GR-legitimate, since 2% = {{(E1, undec), (E2, undec)},
{(Eq,out), (E2,in)}} and .#; and .#, are GR-equivalent under S%: as a consequence, Z is GR-safe, as it can be seen
by considering that both the grounded labelling of AF; and the grounded labelling of AF, assign to all arguments the label
undec.

8.3. Preferred semantics

Like grounded semantics, preferred semantics is top-down decomposable but not fully decomposable. However, differ-
ently from grounded semantics, preferred semantics is not transparent, as shown by the following counterexample.

Example 16. Consider the argumentation frameworks AF; and AF, shown in Fig. 14, where AF, = T(#) with # =
(AFq, A1, #>), and the invariant set of the replacement % is E = {Eq, E»}. It turns out that .#; and .#> are PR-equivalent,
thus % is PR-legitimate. In fact, for any label L™ € £ such that E; is labelled in the local function Fpg prescribes for .#;
the unique labelling {(A1, out), (A2, in), (0, undec)}, therefore PR-ef £ (.#, L") = {{(E2, undec), (E1, in)}}, and it pre-
scribes for .#> the unique labelling {(B, out), (C, in), (A1, out), (A2, out), (0, undec)}, therefore also PR-ef £¢ (.45, L")
= {{(E3,undec), (E1, in)}}. For any label L% e £ such that E; is labelled out Fpr prescribes for .#; the la-
bellings {(A1, in), (A2, out), (0, out)} and {(A1, out), (A, in), (0,undec)}, for .#, the labellings {(B, in), (C, out),
(A1,1in), (Az,out), (0,out)} and {(B, in), (C,out), (A1,out), (Az, in), (0,undec)}, thus PR-eff(.#;, %) =
PR-ef £ (M, L) = {{(E2, in), (E1, in)}, {(E2, undec), (E1, in)}}. For any label L¥"€ ¢ ¢ such that E; is labelled
undec, Fpr prescribes for .#; the unique labelling {(A1, out), (A2, in), (O, undec)}, and it prescribes for .#, the
unique labelling {(B,undec), (C,undec), (A1,undec), (A,undec), (0,undec)}, therefore PR-ef fp(.#;, L1"dec) =
PR-ef £ (M, LM€Y = {{(E;, undec), (E1, in)}}. However, the replacement (AFq, .#;,.#>) is not PR-safe. In fact, the
preferred labellings of AFi are {(Aq, in), (A2, out), (O, out), (E2, in), (E1,out)} and {(A1, out), (A2, in), (0, undec),
(Ez,undec), (E1,undec)}, while {(B, in), (C, out), (A1, in), (A3, out), (0, out), (E2, in), (E1, out)} is the only pre-
ferred labelling of AF,. Note in particular that E; is skeptically justified in AF, but not in AF;. Interestingly enough,
considering the application of stable semantics it can be checked that the replacement (AFy,.#1,.#>) is ST-legitimate,
therefore according to Theorem 10 it is also ST-safe. In fact, Lst(AF1) = {{(A1, in), (A2, out), (0O, out), (E2, in), (E1, out)}}
and Lgr(AFy) = {{(B, in), (C, out), (A1, in), (A2, out), (0, out), (E2, in), (E1, out)}}, therefore both in AF; and in AF; the
argument Eq is labelled out and E; is labelled in by all stable labellings.

In the previous example a PR-legitimate replacement yields a change in the status assignment of arguments belonging
to the invariant set E, however it can be noted that their credulous justification is preserved, i.e. Ey is credulously justified
both in AF; and AF,, Eq is not credulously justified either in AF; or in AF,. Theorem 12 proves that this result holds in
general.
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Theorem 12. For any contextually PR-legitimate replacement % = (AF, .41, /) with invariant set E, any argument A € E is cred-
ulously justified according to PR in AF if and only if it is credulously justified according to PRin T (AF, .41, 4#3).

While the obtained result is somewhat weak, as it concerns credulous justification only, it has to be acknowl-
edged that the counterexample against transparency of PR (Example 16) is rather tricky. In particular, .#;, and .,
are PR-equivalent, but they differ in the following aspect. On the one hand, in .#j, the local function Fpg pre-
scribes for any input labelling L“"¢ the unique labelling {(A1, out), (A2, in), (O, undec)}, and with the “more com-
mitted” input labelling L°“ e £ it returns (among others) the labelling {(A1, in), (A2, out), (O, out)} which is not
“more committed” than {(A1, out), (A2, in), (0, undec)}, i.e. it is not the case that {(A1, out), (A2, in), (O,undec)} C
{(A1, in), (A2, out), (0, out)}. On the other hand, in .#5 both the labellings returned by the local function Fpg with the
input labelling L°% are “more committed” than the labelling returned by Fpg with the input labelling L€, i.e. it holds
that {(B,undec), (C,undec), (A1, undec), (A2, undec), (0,undec)} C {(B, in), (C, out), (A1, in), (A2, out), (0, out)},
{(B,undec), (C,undec), (A1, undec), (A3, undec), (0,undec)} C {(B,in), (C,out), (A1, out), (A2, in), (0, undec)}.
More generally, we define the notion of homogeneously equivalent argumentation multipoles, corresponding to equivalent
multipoles that exhibit a sort of mutually regular behavior.

Definition 34. Two multipoles .# = (AF1, Rlp, R rp) and .4 = (AF2, RAp, R%,p) Wit a set E are homogeneously
S-equivalent under a set of labellings £ C £ iff they are S-equivalent under £ and the following two symmetric con-
ditions hold:

1. Given L}, L% € & such that L} C L2,
if there are two labellings L1D1 € FS(AF1,/%1i"p,Lé¢%]inp,R}Np) and LZD1 € FS(AF],%‘]inP,L%\L%]inp,R;NP) such that
L)' C Ly, then VL{? € Fs(AFa, /4™ LL] i, Rip) such that eff(a5™", L) 4 oun, REymp) = e ££ (44",
L' g 0m, Rbypp), there is a labelling Ly? € Fs(AFy, .45™, 12|, i, Riyp) such that e £ £5 (5", 12| om0, R3ypp)
= eE £ (M, L)' | om0, Rbyypp) and LY? T LY2

2. Given LL,L2 € £ such that L} C L2, if there are two labellings LY? e Fs(AF2, 5™, L}, im, Riyp) and L2 e
Fs(AFy, 5™ 12|, i, Riyp) such that LP? C L), then VL' € Fs(AFy,.44™™, L], i, Rlyp) such that ef £5 (.4,
LY om0, Rbypp) = eEE£ (P, 172y oun, REypp), there is a labelling L)' € Fs(AFy, /4™, 124, i, Rl\p) such
that e££¢ (1™, L")y oup, Rbyrp) = eE£E (P L3 | o, Ry ) and L' E LY

In Example 16, it can be seen that the argumentation multipoles .#; and .#,, while being PR-equivalent, are not
homogeneously PR-equivalent.

It turns out that strong transparency of preferred semantics is recovered in case of replacements involving homoge-
neously PR-equivalent multipoles.

Theorem 13. Any replacement % = (AF1, .41, .#>) with invariant set E, such that .# and .7, are homogeneously PR-equivalent
under £%%, is PR-safe.

Given two equivalent multipoles, a sufficient condition for their homogeneous equivalence is that each multipole is
“internally homogeneous”, i.e. the labellings prescribed by the local function are related by set-inclusion in a regular way
w.r.t. the commitment relation between the input labellings. Definition 35 formalizes this intuition, while the sufficiency
result is proved by Lemma 5 and Corollary 1.

Definition 35. Consider an argumentation semantics S. An argumentation multipole .# = (AF, Rjnp, Routp) W.It. a set
E is internally S-homogeneous under a set of labellings £ C £¢ iff for all labellings L}, L% € £ such that L} © L2, it

holds that VL € Fs(AF, ://inp, L}:-l,//[inp, Rinp), VL, € Fs(AF, %inp’ L%\L:%inp, Rinp) such that effE(%OUtp, L1J_goup, Routp) E
ef £ (A", Ly _youp, Rourp), there is a labelling L, € Fs(AF, .#", L%i//(mp, Rinp) such that effp(#Z°P Lyl oup,
Rourp) = e£ £ (A", L, | youp, Royrp) and Ly C L.

Lemma 5. Consider two multipoles .41 = (AF1, R}yp, Rypp) and o = (AF2, R3p, R3rp) W.rt. a set E which are internally
S-homogeneous under a set of labellings £ C L. If .#1 and .4, are S-equivalent under £, then they are homogeneously S-equivalent
under £'.

Corollary 1. Any replacement % = (AFy, .41, .#>) with invariant set E, such that .#1 and ./#> are PR-equivalent under Spﬂ!‘ and
both .# and .#> are internally PR-homogeneous under 2{;‘?‘, is PR-safe.
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Fig. 15. Ideal semantics is not transparent w.r.t. Fgcc (Example 19).

Example 17. Consider again the replacement % = (AF1, .#,, .#>) depicted in Fig. 13. As shown in Example 15, £PR =
{{(Eq, out), (Ez, in)}, {(E1, in), (E2, out)}} and .#;, .#, are PR-equivalent under EPR Since there are no distinct la-
bellings L}, L% € £R such that L. C L, .# and .#; are trivially internally PR—homogeneous under £fR. As a con-
sequence, by Corollary 1 the replacement % is PR-safe. In fact, there are two preferred labellings in AF1, namely
{(E1, in), (E2, out), (A1, out), (A2, in), (A3, out)} and {(E1, out), (Ez, in), (A1, out), (A2, in), (A3, out)}, while in AF;
the preferred labellings are {(E1, in), (E3, out), (C,out)} and {(Eq, out), (E3, in), (C, out)}. Thus, the restriction of the
preferred labellings to {Eq, E2} are {(E1, out), (E2, in)} and {(E1, in), (E3, out)} both in AF; and in AF.

Turning to non-arbitrary partitionings, strong transparency of preferred semantics is recovered without additional condi-
tions for replacements involving the union of strongly connected components.

Theorem 14. Preferred semantics PR is strongly transparent w.r.t. #yscc.

Example 18. The multipoles .#; and .#> shown in Fig. 14 can be safely interchanged if they correspond to the union of
strongly connected components. For instance, removing the attack from E, to Ei makes the replacement (AFq, .41, .#>)
Fuscc-preserving, thus such replacement is safe. In fact, in this case there is a unique preferred labelling in AF; and a
unique preferred labelling in AF», and in both cases Ep is labelled in and E; is labelled undec.

It is easy to see that in Examples 10, 11, 12, 13 and 14 the replacement %Z = (AFy, .#1, #>) is Fuscc-preserving and
PR-legitimate. As a consequence, in all cases the replacement &% is safe, i.e. {L{ g | L € Lpr(AF1)} = {L{ £ | L € Lpr(AF2)}.
Moreover, it can be seen that in all cases the multipoles are internally PR-homogeneous, therefore they could be safely
interchanged also in the context of non-.%scc-preserving replacements.

8.4. Ideal semantics

The transparency properties of ideal semantics mirror the discouraging decomposability properties analyzed in Sec-
tion 4.4: the following example, inspired by Example 7, shows that ideal semantics is not transparent even w.r.t. Fgcc.

Example 19. Consider the argumentation frameworks AF; and AF, shown in Fig. 15, where AF, = T(#) with % =
(AFq, 41, #>), and the invariant set of the replacement % is E = {E1, E}. It is easy to see that .#; and .
are ID-equivalent, since Fjp prescribes for .#; the labelling {(Ai,undec), (A2,undec)} and for .#5 the labelling
{(B1,undec), (B, undec), (B3, undec)}. As a consequence, the replacement &% is ID-legitimate, and it is also easy to
see that it is .#gcc-preserving. However, & is not ID-safe, since the ideal labelling of AF; leaves all the arguments undec,
while the ideal labelling of AF; is {(B1, undec), (B2, undec), (B3, undec), (E1, out), (E2, in)}.

Transparency is recovered in the (somewhat specific) case of replacements involving multipoles for which F¢o always
prescribes a unique labelling.

Definition 36. Consider an argumentation semantics S. An argumentation multipole M = (AF, Rinp, Routp) W.It. a set E is
S-univocal under a set of labellings £ C £ iff VLg € £ |Fs(AF, 4™, Lg|_, i, Rinp)| = 1.

The following lemmas prove some specific results holding in the case of CO-univocal argumentation multipoles.

Lemma 6. Let .# be an argumentqtion multipole (AF, Rinp, Rourp) w.rt. a set E which is CO-univocal under a set of labellings
£ € Lg.ThenVLg € &, Fco(AF, 4™ ,Lg | _sine, Rinp) = Fs(AF, 4™, Lg| 0, Rinp) for any S € {GR, PR, ID, SST}.
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Fig. 16. Two multipoles that can be safely interchanged under ideal semantics (Example 20).
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Fig. 17. Semi-stable semantics is not transparent w.r.t. Zgcc (Example 21).

Lemma 7. Let .# be an argumentation multipole (AF, Rinp, Routp) W.r.t. a set E which is CO-univocal under a set of la-
bellings £ C £g, and let L, L% be two labellings of £ such that L} C L2. Then, for any two labellings Ly, L, such that Ly €

Fer(AF, A LL| 4, Rinp) and Ly € Fpr(AF, 4™ L2 i, Rinp), it holds that Ly € L.

Lemma 8. Let ./# be an argumentation multipole (AF, Rinp, Routp) W.rit. a set E which is CO-univocal under a set of labellings
£ C L. Then . is internally PR-homogeneous under £'.

On this basis, Theorem 15 shows that contextually CO-legitimate replacements are ID-safe if they involve CO-univocal
multipoles. Note that the theorem requires the involved multipoles to be CO-equivalent under 2{219. In the light of Lemma 6,
this is tantamount to requiring them to be S-equivalent for any S € {GR, PR, ID, SST}. We cannot, however, replace )3%’ with
eg. LR since £ may be a strict superset of £FX.

Theorem 15. Any contextually CO-legitimate replacement # = (AF1, .#1, .#>) with invariant set E, such that .#1 and /> are
CO-univocal under Ecg‘?, is ID-safe.

As shown in Section 8.6, the previous theorem applies in particular to acyclic argumentation multipoles, while the next
example shows that there are cases of equivalent multipoles containing cycles that can be safely interchanged under ideal
semantics.

Example 20. It is easy to see that the multipoles .#; and .#, shown in Fig. 16 are CO-equivalent and both of them are
CO-univocal under any set. Thus, by Theorem 15 they can be safely replaced each other under the ideal semantics, i.e. the
replacement maintains the labels assigned by the ideal labelling to the arguments of the invariant set. It is also easy to see
that the same holds by replacing the three-length cycles in .#; with any odd-length cycle.

8.5. Semi-stable semantics

As in the case of ideal semantics, semi-stable semantics inherits from its lack of decomposability properties the inability
of guaranteeing safeness of legitimate replacements: the following example, inspired by Examples 8 and 9, shows that
semi-stable semantics is not transparent even w.r.t. Fgcc.

Example 21. Consider the argumentation frameworks AF; and AF, shown in Fig. 17, where AF, = T(%#) with # =
(AFq, A, #>), and the invariant set of the replacement & is {E1}. It is easy to see that .# and .#> are SST-equivalent,
since Fsst prescribes for .1 the unique labelling {(A1, out), (A2, in)} and for .#5 the unique labelling {(B1, out), (B2, in),
(B3, out)}, thus the effect on {E1} is {{(E1,in)}} in both cases. As a consequence, the replacement % is SST-legitimate,
and it is also easy to see that it is .%#gcc-preserving. However, & is not SST-safe, since in AF; there is only one semi-stable
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Fig. 18. Semi-stable semantics is not transparent even considering acyclic multipoles (Example 22).

labelling, namely {(A1, out), (A3, in), (E1, undec)}, which assigns to E; the label undec, while there are two semi-stable
labellings in AF;, namely {(B1, in), (B3, out), (B3, undec), (E1,out)} and {(B1, out), (By, in), (B3, out), (E1, undec)},
which assign to Eq the label out and undec, respectively.

8.6. The case of acyclic multipoles

It is well-known that an argumentation framework with an acyclic attack relation admits a unique complete labelling
which is thus also grounded, preferred, ideal, stable and semi-stable. It is then interesting to specifically consider acyclic
multipoles, and to investigate whether they benefit of specific properties as far as replaceability is concerned.

Definition 37. A multipole .# = (AF, Rinp, Rourp), Where AF = (Ar, att), is acyclic if there is no sequence Aq,..., A, of
distinct arguments with A; € Ar such that n > 1, (A;, Aj+1) € att for 1 <i <n, and (Ap, A1) € att.

Note that this definition does not prevent an acyclic multipole to contain self-attacking arguments, i.e. arguments attacking
themselves.

The following proposition shows that the property of acyclic frameworks mentioned above can be extended to acyclic
multipoles.

Proposition 14. An acyclic argumentation multipole .# = (AF, Rinp, Routp) W.r.t. a set E is CO-univocal under any set of labellings
£ c LE.

The above result entails that all semantics considered in this paper, with the exception of semi-stable semantics, be-
come strongly transparent in case replacements involve acyclic multipoles. Since admissible, complete, stable and grounded
semantics are strongly transparent, it suffices to consider preferred and ideal semantics.

Proposition 15. Any contextually PR-legitimate (ID-legitimate) replacement % = (AF1, .#1, .#>) with invariant set E, such that .41
and .#; are acyclic, is PR-safe (ID-safe).

The following example shows that this result cannot be extended to semi-stable semantics, i.e. there are acyclic
SST-equivalent multipoles that cannot be safely interchanged.

Example 22. Consider the argumentation frameworks AF; and AF, shown in Fig. 18, where AF, = T(#) with # =
(AF1, A1, A>), and the invariant set of & is {E1, E2, E3, E4}. The acyclic multipoles .#7 and .# are trivially SST-equivalent,
since they do not attack E (for both of them, the effect on E includes a unique labelling which assigns to all arguments
the label in). However, the replacement % is not SST-safe, since there is a unique semi-stable labelling in AF1, namely
{(E1,undec), (E3, out), (E3, in), (E4, out), (A1, undec), (A2, in)}, while AF, admits {(Ei,undec), (E3, out), (E3, in),
(E4, 0out), (B1,undec), (B, undec), (B3, in), (B4, out), (Bs, undec)} and {(E1, undec), (E;, undec), (E3, out), (E4, in),
(B1,undec), (B3, undec), (B3, out), (Bg4, in), (Bs, out)} as the two semi-stable labellings. For instance, argument E4 is
assigned the unique label out in AF; and the labels in and out in AF;.
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9. Putting modularity at work

As modularity is a very useful and pervasive property, the notions and results introduced in this paper have an
open-ended range of applications. In fact, they can be exploited in all contexts, either theoretical or practical, where a
non-monolithic approach is appropriate, ranging from the management of dynamics in argumentation to the study of ef-
ficient divide-and-conquer algorithms. While an extensive discussion of related works with pointers to future research
directions is given in Section 10, in this section we use, as sample case-studies, the tasks of summarization and translation
of argumentation frameworks and develop in detail some relevant application examples.

9.1. Summarizing argumentation frameworks

In this subsection we illustrate an example of application of the notion of equivalence between argumentation multipoles
for the purpose of summarization of argumentation frameworks. In particular we take from the literature two argument-
based recontructions of the court’s decision of the Popov v. Hayashi case and show that, in spite of many differences in the
details, they can be reduced to a comparable basic structure through considerations based on multipole equivalence.

We borrow a synthetic description of the facts originating the case from [44]. “The case concerned the possession of
the baseball which Barry Bonds hit for his record breaking 73rd home run in the 2001 season. Such a ball is very valuable
(Mark McGwire’s 1998 70th home run ball sold at auction for $3,000,000). When the ball was struck into the crowd, Popov
caught it in the upper part of the webbing of his baseball glove. Such a catch, a snowcone catch because the ball is not fully
in the mitt, does not give certainty of retaining control of the ball, particularly since Popov was stretching and may have
fallen. However, Popov was not given the chance to complete his catch since, as it entered his glove, he was tackled and
thrown to the ground by others trying to secure the ball, which became dislodged from his glove. Hayashi (himself innocent
of the attack on Popov), then picked up the ball and put it in his pocket, so securing possession.”

Popov then claimed possession of the ball and sued Hayashi. The court finally decided that the ball should be sold and
the proceeds divided between the two.

The rather articulated motivations underlying the decision have attracted the attention of researchers and have been
the subject of several papers, culminating in a special issue of the Artificial Intelligence and Law journal devoted to the
modelling of this case [1]. In the following subsections we present the argument-based formalizations provided by Wyner
and Bench-Capon [44] and by Prakken [39] respectively. Then we show how the notions and results presented in previous
sections can be used to summarize the two formalizations and simplify their comparison.

For the sake of uniformity with the original formalizations, in the following we will sometimes refer to the extension-
based rather than the labelling-based approach. In particular, an S extension (e.g. the grounded extension) is the set of
arguments labelled in by an S labelling (e.g. the grounded labelling).

9.1.1. The formalization by Wyner and Bench-Capon

In [44] the legal analysis of the case is synthesized by the argumentation framework presented in Fig. 19 (the paper also
presents an analysis of the values underlying the final decision using the formalism of value-based argumentation frame-
works, which is beyond the scope of the present paper). In the original figure of [44] the boxes representing arguments
are labeled with an identifier Ax, where x is a number, while a few other boxes have no label and contain a statement
corresponding to the conclusion of the argument. In Fig. 19 all arguments have both a label (on top of the box and corre-
sponding to the original one where present) and a text synthesizing their conclusion. Each argument labeled as Ax derives
from the application of a rule with some premises and a conclusion, while the other four arguments are intended to repre-
sent default answers to some questions: quoting [44], “if the argument is not defeated, the contrary has not been shown”.
The conclusion of an argument may correspond to the undercut of some rule. An argument attacks another argument if the
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Fig. 20. The only extension of AF.

conclusion of the former contradicts the conclusion or some premise of the latter or undercuts the rule used for its con-
struction. Default arguments can only attack another argument on its premises. Turning to a quick explanation of Fig. 19, we
can proceed backwards starting from the mutually attacking arguments A1 and A2, concerning who has possession of the
ball. A2 is undercut by A13: the rule that Hayashi has possession of the ball because he retrieved it is not applicable given
that Popov was active in catching the ball before Hayashi retrieved it. A13 is attacked by the default argument P-na, which
is in turn attacked by A11 based on factual evidence of the snowcone catch. A2 is also undercut by A3, whose premise (by
the way, the same as of A1) is that Popov caught the ball before Hayashi. However both A1 and A3 are attacked by the
default argument that the ball was not caught by Popov. This is in turn attacked by A4, based on the fact that the ball was
in Popov’s glove. A4 is undercut by A5 and A6, the former based on the fact that the ball was still in motion, the latter on
the fact that Popov was not in control of the ball. Both A5 and A6 are undercut by A10 based on the fact that Popov was
active. A10 is hence attacked by the default argument P-na and is also undercut by A12, based on the custom and practice
of the stands in baseball. Moreover A5 is attacked by the default argument P-ic, which is attacked by A7 based on the fact
that Popov did not retain the ball in the glove. A7 is undercut by A8, based on the fact that Popov lost the ball due to an
intentional contact of other people. Finally, A8 is attacked by the default argument CI which is in turn attacked by A9 based
on factual evidence that Popov was assaulted.

It can be seen that for the argumentation framework represented in Fig. 19 the grounded extension is also the only
complete, stable, semi-stable, ideal and preferred extension. It consists of the arguments A9, A11, A12, A13, A6, A8, P-ic,
P-nc, which are evidenced in grey in Fig. 20. We note that both A1 and A2 are rejected according to any semantics, leaving
the issue of the possession of the ball unresolved.

9.1.2. The formalization by Prakken

The reconstruction of the case given in [39] adopts ASPIC+, which is essentially a rule-based formalism for the construc-
tion of arguments and the identification of their subargument and attack relations. It is worth remarking that the latter
takes into account the former: if an argument attacks another argument then it attacks also all its superarguments. In AS-
PIC+ argument status evaluation follows Dung’s approach: an argumentation framework consisting only of the arguments
and their attack relations can be derived and then the semantics deemed most appropriate can be applied.

Coming back to Popov and Hayashi, the reconstruction of [39] covers a lot of details concerning argument construction
and, as such, is much more articulated than the one of [44] as shown by Figs. 21 and 22 which correspond to the aggre-
gation of five distinct but linked figures included in [39]. Direct subargument relationships are represented by dashed lines
ending with a solid dot on the superargument, attack relationships are represented by solid arrows ending on the attacked
argument. The text in an argument box essentially gives an idea on its conclusion. Fig. 21 is referred to as the upper part,
while Fig. 22 is referred to as the lower part, they are linked only by two subargument relations: VR-MC8 and VR-r1 in
Fig. 22 are direct subarguments respectively of EQ and H-hr in Fig. 21.

For a detailed description of the whole reconstruction, which is clearly beyond the scope of the present paper, the reader
is referred to [39]. At a general level we can observe that:

e a lot of attention is reserved to issues concerning the validity of rules (sometimes based in turn on the validity of other
rules), their adoption and their applicability to the case into question;

e the lower part (Fig. 22) essentially concerns the question whether Popov gained possession of the ball. There are two
alternative reasoning lines leading to this conclusion, composed respectively by arguments VR-cs4, P-cc(1), P-ca(1),
P-ph(1), P-hp(1), and P-wit, P-cb, VR-cs2, P-cc(2), P-ca(2), P-ph(2), P-hp(2). Both lines are defeated, the former by argu-
ment NV-cs4 stating the invalidity of the rule cs4 which is the starting point of the whole line, the latter by argument
P-inc stating that Popov’s testimony, on which the whole line is based, is not credible.
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e the upper part (Fig. 21) essentially concerns the action to be taken: three mutually exclusive alternatives (corresponding
to the three mutually attacking arguments H-hr, H-nr, and EQ) are considered: Hayashi has to return the ball, Hayashi
has not to return the ball, the ball is equally shared. Each of the three arguments is derived through a quite articulated
reasoning line. Both H-hr and H-nr are defeated, the former by argument NV-rp, stating that the rule rp is not valid,
the latter by argument NA-r4, stating that the rule r4 is not applicable.

If one considers the attack relations only (i.e. focuses on the argumentation framework to be used for argument status
evaluation) the picture is simplified, as shown in Fig. 23, since a large number of arguments are neither attacking nor
attacked by others. It can be seen that for the argumentation framework represented in Fig. 23 the grounded extension is
also the only complete, stable, semi-stable, ideal and preferred extension and consists of the arguments evidenced in grey.
We note that of the three arguments corresponding to the possible final decisions both H-hr and H-nr are rejected, while
EQ is accepted.

9.1.3. Summarizing and comparing the two formalizations

We can now use considerations based on the equivalence properties examined in the previous sections to identify some
fundamental similarities between the two reconstructions of the case.

As to the argumentation framework AF; = (Ar, att) of Fig. 19, let us start by considering the argumentation multipole
M = (AFN{Al 1, P-na}: @, {(P-na, A10), (P-na, A13)}) with respect to E; = Ar \ {A11, P-na}. It is rather easy to see that for
any labeling Lg, of Eq (actually irrelevant since the multipole does not receive attacks) and for any semantics S (all behave
the same on such a simple subframework) it holds that S-ef£g, (#1,Lg,) ={(A, in) | A € E1} =S-ef £, (Ay, Lg,).

In other words, the multipole .#; is S-equivalent to the empty multipole for any semantics S. It follows that the re-
placement &% = (AFj, .#\, #y) is S-legitimate. Intuitively this means that the arguments A11 and P —na can be canceled
from AF; without any consequence on the evaluation of other arguments, provided that a suitable transparency property
holds for S. Since both multipoles .#; and .#} are acyclic, the results summarized in Table 2 ensure that the replacement
is safe for any semantics considered in this paper except semi-stable semantics (by the way, the replacement is safe also for
semi-stable semantics, given that in this case its labellings coincide with stable labellings).

Iterating the same kind of reasoning, it can be seen that the following pairs of arguments can progressively (and safely)
be cancelled: {A12, A10}, {A9, CI}, {A8, A7}, {P-ic, A5}, {A6, A4}. In virtue of Proposition 13 we have that we can safely
restrict AFj to the set of arguments E* = {Al, A2, A3, A13, P-nc} without affecting the labellings of the arguments in E*.
This could have been done (in a single, more laborious, step) also showing that the big multipole consisting of the set of
arguments {A11, P-na, A12, A10, A9, CI, A8, A7, P-ic, A5, A6, A4} is S-equivalent to the empty multipole.

Assuming that the main focus concerns the evaluation of arguments Al and A2, we can also see that A3 can be
suppressed in AF’; = AF ]+ given the multipole ./, = (AF7¢{A3‘ P-ncy- 4. {(P-nc, A1), (A3, A2)}) with respect to E; =
{A1, A2, A13}, it is again easy to see that for any (actually irrelevant) labelling Lg, of E; and for any semantics S it holds
that S-ef £, (4>, Lg,) = {(Al, out), (A2, in), (A13, in)} = S-ef £, (#5, Lg,) where .43 = (({P-nc}, @), @, {(P-nc, A1)}). Us-
ing again the fact that both .#, and .#3 are acyclic we get that the replacement is safe, i.e. that A3 can be cancelled.

Summing up, we get the simplified argumentation framework AF, shown in Fig. 24 which, for any semantics considered
in this paper, is equivalent to the original one as far as the evaluation of the remaining arguments is concerned.

Turning now to the argumentation framework AFg of Fig. 23, we first note that all the isolated (i.e. both unattacking and
unattacked) arguments can be suppressed. This follows from the fact that, for any semantics S and for any argumentation
framework AFy such that Ls(AFy) # @, given the multipole .#y = (AFy, ¥, @) with respect to any (actually irrelevant) set E,
for any labeling Lg of E it holds that S-ef£g(.#y,Lg) ={(A, in)|A € E} =S-effg, (A}, Lg).

Supposing that the main interest concerns the final decision, i.e. the evaluation of the arguments H-hr, H-nr and EQ, and
using the same reasoning as above we can also see that all the arguments concerning the issue of Popov’s possession, not
attacking nor being attacked by arguments outside the set, can be suppressed.

Then, using a reasoning which is completely analogous to the one applied to the multipole .#> above, we can also
suppress the arguments H-hp, P-nhp, and Vr-rp, getting finally the argumentation framework AF, represented in Fig. 25.

Comparing now Figs. 24 and 25 we observe that:

e arguments Al and A2 in AF] correspond respectively to arguments H-hr and H-nr in AF; and have the same status of
rejected;

e similarly, we can also say that arguments P-nc and A13 in AFy correspond respectively to arguments NV-rp and NA-r4
in AF;

o the argument EQ of AF, has no counterpart in AF]_ due to the fact that in [44] the final decision is represented only in
the context of the value-based formalization.

Leaving apart EQ, we note therefore a basic structural similarity between the two simplified frameworks: in both recon-
structions the arguments corresponding to giving the ball to one of the contendants are rejected due to one main reason.
One may then wonder whether the reasons for these rejections are actually the same in the two reconstructions.
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Fig. 25. The argumentation framework AF summarizing the reconstruction from [39].

As to the rejection of the decision in favor of Hayashi, in AFJ’ it is due to the undercut of A2 by A13, which is based

on the fact that Popov was “ably and actively engaged in establishing control” of the ball. Similarly, in AF} the rejection
of H-nr is due to the fact that a rule used to derive that Hayashi has possession of the ball, is shown not to be applicable
in this case through argument NA-r4, based on the fact that the ball was not loose (due to the previous attempt of Popov)
when Hayashi retrieved it.

While basically similar as far as the previous point is concerned, the two reconstructions turn out to be different as to
the rejection of the decision in favor of Popov: in AF Al is attacked by P-nc which corresponds to the conclusion that

Popov did not catch the ball, thus denying the premise of Al, while in AF, H-hr is attacked by NV-rp, which concerns the
validity of the rule rp. It is interesting to note that in [39] the argument NV-rp is essentially based on the fact that “rule rp
does not promote fundamental fairness as regards Popov’s claim” and that, indeed, fairness is the primary value considered
in the value-based part of [44] as a justification of the final decision.

Thus the difference arises from the fact that in the formalism adopted in [39] reasoning about values is embedded into
arguments that are at the same level as other arguments, while in [44] reasoning about values is carried out in a separate
layer. A discussion about the pros and cons of either approach to deal with values is clearly out of the scope of this paper.

To conclude this section we remark that the identification of some basic commonalities and differences between two
argument-based reconstructions of a real law case has been greatly simplified by the possibility to summarize frameworks in
a general and technically sound way. In this perspective the notion of argumentation multipole and the decomposability and
equivalence properties investigated in this paper can be regarded as enabling techniques for the investigation of methods
for (possibly automated) analysis, synthesis and comparison of argumentation frameworks.

9.2. Translations of argumentation frameworks

Translating an argumentation framework AF; into another framework AF;, such that AF, has some desirable features and,
at the same time, preserves some specific properties of AF{ is a generic problem with significant theoretical and practical
implications. In particular in [27] the problem of intertraslatability is considered, which is defined as follows: “Given an
argumentation framework F and argumentation semantics ¢ and o/, find a function Tr such that the o-extensions of F
are in certain correspondence to the o’-extensions of Tr(F).” As a matter of fact, in [27] modularity is one of the general
requirements of a translation procedure, informally stated as “the translation can be done independently for certain parts of
the framework”. While this generic notion may have different technical counterparts depending on the kind of translation
addressed, our results provide a systematic and sound basis for ensuring modularity in any context where there is an interest
in replacing a subframework with a translated counterpart. A broad investigation of this issue is clearly a matter for future
work, here we provide two specific examples taken from the literature: the former concerns a subframework replacement
considered in the context of the analysis of the properties of weighted argument systems, while the latter concerns the
translation (also called flattening) of argumentation frameworks with attacks to attacks into “traditional” Dung’s frameworks.
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9.2.1. Reducing the attacks involving single arguments under grounded semantics

A weighted argument system (WAS in the following), as defined in [26], is basically an argumentation framework with
a numerical weight (actually a non-negative real number) attached to each attack. In the analysis of the computational
properties of WASs, it turns out to be convenient to consider a translation from a WAS into another one such that no
argument attacks or is attacked by more than 2 arguments and some conditions are satisfied. Leaving apart the aspects of
the translation and the conditions involving weights, which are not relevant to the present paper, basically the translation
described in [26] involves replacing the subframework consisting of an argument z receiving more than two attacks (from
arguments Y1, ..., Yx) with a subframework with additional arguments p; and q; where z receives only two attacks (from
p1 and yq), while pq is attacked by g1 and q; is attacked by the arguments y,, ..., yi (see Fig. 26). The replacement can
then be iterated focusing on q; and adding p; and g, until q;_; is only attacked by y;_1 and y. The claim (proved in [26]
as part of Lemma 1) is that the grounded extension of the original framework is the same as the grounded extension of
the framework resulting from the replacements mentioned above. Note that Lemma 1 of [26] concerns an arbitrary WAS,
i.e. its hypotheses do not put any restriction on other attacks present in the original framework. In particular, as explicitly
remarked in [26], there can be attacks between some of the attackers of z, but also (not explicitly remarked in [26])
z might counterattack some of its attackers or there could be longer loops involving z, some of its attackers and possibly
other arguments in the framework.

Given these remarks, the proof of Lemma 1 provided in [26] is not completely satisfactory: it consists in local consider-
ations on the arguments involved in the replacement described above without dealing with possible effects involving other
arguments in the framework. The absence of these effects, however, cannot be taken for granted. To give an example, when
considering (to contradiction) a generic argument x included in the grounded extension of the original framework but not
in the grounded extension of the translated framework it is stated that this implies that there is an attacker u of x in the
translated framework such that (u, x) was not an attack in the original framework. This immediately leads to identify x as z
and u as p; and to apply only local considerations. However, in general, an argument might be excluded from the grounded
extension not just because it has an additional attacker but also because one of its attackers has a different justification state
in the new framework. In a sense, the proof of Lemma 1 of [26] seems to implicitly assume the property of transparency of
grounded semantics (which, of course is not obvious per se) and (partially) shows a sort of local equivalence of the original
fragment and of its translated counterpart.

Actually, the result of Lemma 1 of [26] is valid and this can be shown in a relatively straightforward way using the
results of the present paper. First, given that grounded semantics is strongly transparent, to obtain the result it is sufficient
to show that the translation step depicted in Fig. 26 involves the replacement of an argumentation multipole with another
one which is Input/Output GR-equivalent. The fact that the translation may involve several such steps is then covered by
the result of Proposition 13.

As to the identification of the equivalent multipoles .#; = (AF',R}\p, RLymp) and 5 = (AF?, R%p, R3p), Ob-
serve that the basic idea consists in replacing the argument z with the attack chain composed by the three argu-
ments pi1, g1, and z itself within an arbitrary argumentation framework AF = (Ar, att) where {y1,..., yi} is the set
of attackers of z with k > 2. Then .#; and .#, are defined with respect to the same invariant set E = Ar \ {z},
and the relevant frameworks are AF; = ({z},%) and AF, = ({p1,4q1,2},{(q1, P1), (P1,2)}). Moreover .#1 and .#, have
the same output relation: R}, = Ry = att N ({z} x Ar), while they differ in the input relation: R}y = {(¥i,2) |
1<i<kh Ryp=1{(1.2}U{(yi.q1) |2 <i<k}. We have now to show that .# and .#, are GR-equivalent,
i.e. that for any labelling Ly € £¢, GR-effg(A1,Lg) = GR—effE(//lz,LE), which, recalling Definition 29, amounts to
show that {effr (1", L 4 0, Riyp) | L € FGRAAF', 41 ™ Ll i, Riyp)} = (E£E£ (AP LI 4 om0, Roypp) | L €

FeR(AF?, 3™ Lg | im, Riyp))-
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Fig. 27. Another translation in the context of WAS.

First note that, since .#°"" = .#,°"" = {z} and R} ;;p = R3zp, both e £ ££ (24", Ll om0, Rbymp) and ef £ (.22°"",
Ll 4,0, R(Z)urp) are totally determined by the label assigned to z by Fgr given the labelling of the arguments in the input
set {y1,..., Yk} (which is the same for both multipoles).

Now it is easy to see that the label assigned to z is the same for any labelling of the arguments {y1, ..., yx} considering
three basic cases: i) 3y; € {y1,..., ¥k} : Lab(y;) = in; ii) Vy;i € {y1, ..., Yk} : Lab(y;) = out; iii) Ay; € {y1, ..., yx} : Lab(y;) =
inA 3y e{y1,..., yx} : Lab(y;) = undec.

In the case i), clearly z is assigned the label out by Fgr in .#; and this also holds in .#> since either z is attacked
directly by an argument labelled in (if Lab(y1) = in) or, if this is not the case, necessarily 3y; € {y2, ..., yx} : Lab(y;) = in
and then Lab(qq) = out, Lab(p1) = in, Lab(z) = out.

In the case ii), clearly z is assigned the label in by Fggr in .#; and this also holds in .#5: given Yy; € {y1,..., Y} :
Lab(y;) = out it follows Lab(q1) = in, Lab(p1) = out and then both attackers (y; and p1) of z are labelled out and z is
labelled in.

In the case iii), clearly z is assigned the label undec by Fggr in .. As to ./, first note that y is either labelled undec
or out (in the latter case necessarily 3y; € {y2,..., ¥k} : Lab(y;) = undec). Moreover, q; is either labelled in or undec
and consequently pi is labelled out or undec (both are necessarily undec if Lab(y;) = out). Summing up, z is either
attacked by two arguments labelled undec or by one labelled undec and one labelled out and hence is labelled undec
by Fgr, as required.

A similar reasoning applies to the case where an argument attacks more than two other arguments, using the replace-
ment sketched in Fig. 27.

9.2.2. Flattening attacks to attacks

In recent years several extensions of Dung’s framework encompassing attacks to attacks have been considered, like the
EAF (Extended Argumentation Framework) formalism [35], mainly designed for the purpose of preference modelling, and the
more general (as, differently from EAF, they allow unlimited recursion of attacks on attacks) AFRA (Argumentation Framework
with Recursive Attacks) [4,5] and HLAF (Higher Level Argumentation Framework) [29].

For the sake of keeping the example compact, we focus here on the EAF formalism whose definition (taken from [35]) is
given below.

Definition 38. An Extended Argumentation Framework (EAF) is a tuple (Args, %, %) such that Args is a set of arguments
and:

o % C Args x Args
o P CArgs x #
o if (X,(Y,2)),(X',(Z,Y)) € 2 then (X, X)), X',X) e %.

As typical in any kind of extension of Dung’s framework, there is an interest in defining a translation procedure from the
extended formalism to the basic one. This is useful for several purposes, including the opportunity to reuse or adapt, in the
extended context, the large corpus of theoretical results available in Dung’s framework, in particular as far as computational
complexity is concerned.

In the case of attacks to attacks, as to our knowledge, two main translation procedures have been proposed in the
literature. The first procedure (considered with some slight variants in [36,29,18]) involves replacing an attacked attack with
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Fig. 28. The two translation procedures of attacks to attacks.

an attack chain consisting in two additional arguments, then every attack towards the replaced attack becomes an attack
towards the second additional argument. The second procedure (considered in [4,5]) involves replacing an attack with a
single new argument, with a proper rearrangement of the incoming and outcoming attacks involving it. We present in the
following the formal definition of these procedures tailored to the case of EAF.

Definition 39. Let I" = (Args, Z, Z) be an EAF and let us define 27 (I") = {(A, B)|2 N (Args x {(A, B)}) # @} i.e. the set of
attacks receiving at least an attack according to the relation 2.

e The chain-style flattening of I" is the argumentation framework AFéw = (Args., att;) where Args. = Args U {Xa g, Ya, sl
(A,B)e 27 (I")} and atte = Z U {(A, Xa,), (Xa,8,Ya,B),(Yas, B)I(A, B) € 27 (I"}U{(C,Ya)I(C, (A B)) € 7}

e The single-argument flattening of I' is the argumentation framework AFSI;I = (Argsyg, attsg) where Argsy, = Args U
{AB|(A,B) € 27 (I')} and atts; = (% \ {(A, B)|(A,B) € 27 (I")}) U {(AB, B)|(A,B) € 27 (I')} U {(D,AB)|(A,B) €
97 ()N (D, A) e Z}U{(C, AB)|(C, (A, B)) € Z}.

In words, in chain-style flattening two arguments X4 p and Y4 p are added in replacement of every attacked attack
(A, B) (with A, Xa B, Ya, g, B forming an attack chain) and the arguments attacking (A, B) according to the relation & of
I’ attack Y4 p in AF. (while the attacks between arguments in &% remain the same). In single-argument flattening every
attacked attack (A, B) is replaced by a single argument AB which attacks B (instead of A) and is attacked by all attackers
of A in &% and by all attackers of (A, B) in 2.

The two translation procedures are illustrated in Fig. 28.

Of course one may wonder whether the operational differences in the two flattening procedures give rise to any actual
difference in the final outcome (i.e. in the justification status of the arguments originally included in I') or, indeed, the
two flattened frameworks treat the arguments originally included in I" in the same way, showing that the two procedures,
different as they are, basically capture the same intuition.
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Table 3

Contextually CO-legitimate replacement of .#. with .#,.
{D1,...,Dm} {C1,...,Cn} Lab(A) Lab(Xa.B) Lab(Ya ) LabAB
din Jdin out in out out
din Yout out in out out
Jin $in A Jundec out in out out
Yout Jin in out out out
Yout Yout in out in in
Yout igin A Jundec in out undec undec
#in A Jundec Jin undec undec out out
$in A Jundec Yout undec undec undec undec
#in A Jundec $in A Jundec undec undec undec undec

To answer this question first observe that, given an EAF I" = (Args, #, &), both the argumentation frameworks AFCF and
AF;:J include all the original arguments Args and that they locally differ in correspondence of the additional arguments used
to represent the elements of 2~ (I"). So AFSI; can be obtained from AF[ (and vice versa) through the replacements of a
(possibly quite articulated) multipole .#. with another multipole .4, both referring to the same set of invariant arguments
Args. Thus, answering the question amounts to analyzing the safeness of this replacement, based in turn on the equivalence
between these multipoles.

First, observe that the multipoles .#. and .#;, consist of the union of |2~ (I')| disjoint and non-interacting “submulti-
poles” each having the form illustrated in Fig. 28. In virtue of Proposition 13, we can then consider a sequence of (similar)
replacements leading from AF;; to AF{ and, to ensure that the whole sequence of replacements is safe (as far as the argu-
ments Args are concerned), it is sufficient to show that each single step is safe, i.e. to analyze equivalence between the two
multipoles representing the translation of a single attack to attack.

To this purpose, referring again to Fig. 28, we can identify the multipoles ./Z; = (AF®, R{yp, R p) With AF® = ({X4 3,
Ya}, (Xa.B,Ya B)), Riyp=1{(A, Xa8)}U{(C1,YaB), .., (Cn,YaB)} Royrp ={(Ya,5, B)}, and Asq = (AF*, Rigp, Ryjyyqp) with
AP = ({AB}, %), R{%p ={(D1, AB), ..., (D, AB)} U{(C1, AB), ..., (Cqo, AB)}, and R, = {(AB, B)}.

It is immediate to observe that the replacement of .#. with .#, (or vice versa) is in general not legitimate: for
instance, .#. and .#s, are in general not equivalent if one considers a labelling Lab such that Lab(D{) = in and
Lab(A) = in. However, this labelling is clearly illegal in a context where D; attacks A. More generally, the labels of
arguments D1,..., D, completely determine the label of A, thus one may check whether the replacement is contextu-
ally legitimate. So, for any semantics S, we are interested in showing that .#;. and .#;, are S-equivalent with respect to
25@ £ {Fs(AF | args, ///Coutp’ L, Rf)urp) |Lc € 2///[0”‘9} U {Fs(AF | args, //lsaoutp’ Lsq, Ri)aurp) | Lsq € 2//,{500“1’}2

Observe that since the output relation of both .#: and .#;, consists of a single attack (arising from Y4 p and AB
respectively) the two multipoles are equivalent if and only if the labels assigned to Y4 p and AB are the same for any
labelling in 25%. Moreover, we focus on CO-equivalence of multipoles without loss of generality: in fact, it turns out (and
it is easy to see) that, in any case, for both AF¢ and AF%, the local function of complete semantics prescribes exactly
one complete labelling, which implies that this is the only labelling also for all the other complete-compatible semantics
considered in this paper.

A remark is now in order concerning the labellings of the arguments outside the multipoles, i.e. SCQQ (note that 2%9 ) QS%
for any complete-compatible semantics S considered in this paper). As we are interested in proving an equivalence result
whatever the remaining part of the framework is (in addition to the arguments depicted in Fig. 28), the set of labellings S%)
cannot be precisely characterized as it also depends on the (unspecified) remaining part of the framework. As a consequence,

we prove a slightly stronger result, considering any labelling in the set 2%’ consisting of the labellings compatible with the
attacks from the arguments D; to the argument A. Since £cg9 > SCQ9 this implies the desired equivalence result.

Now, the examination of labellings in 22‘; can be carried out considering nine cases, i.e., all possible combination, for
the sets {D1,...,Dp} and {Cq,...,Cy}, of three basic cases: i) there is an argument labelled in; ii) all arguments are
labelled out; iii) otherwise (note in particular that Lab(A) is determined by the labelling of the set {Dq,..., Dy} in both
multipoles). As all cases are rather simple, for the sake of compactness we synthesize the analysis in Table 3 rather than
providing trivial and verbose explanations: by inspection of the last two columns it appears that Lab(Y 4, p) = Lab(AB) in all
cases, as desired.

We have thus proved that the replacement of the considered multipoles is contextually S-legitimate for any complete-
compatible semantics S considered in this paper. Then, the replacement is safe for any such semantics S which is strongly
transparent with respect to these multipoles. Given that the multipoles are acyclic, from the results recalled in Table 2 it
follows that the replacement is guaranteed to be safe for all semantics considered in this paper, but SST, for which the
answer is negative in general and the question is open for this specific case.

The lesson learned is twofold: first, we have given a substantial formal confirmation of the intuition that the two trans-
lation procedures are equivalent as far as the “external effects” are concerned for a comprehensive set of semantics, second
we have seen however that even “simple” and basically correct intuitions require a careful semantics-specific scrutiny which
may point out specific exceptions or critical issues (like for semi-stable semantics in our case).
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10. Related works

As mentioned in Section 1, the work presented in this paper has connections with three main (and non-disjoint) topics
in the area of computational argumentation namely:

o local evaluation in argumentation semantics;
e argumentation dynamics;
e equivalence and interchangeability between argumentation frameworks.

We discuss the relationships with the relevant literature orderly in the following subsections.
10.1. Local evaluation in argumentation semantics

As to our knowledge the first analyses of semantics’ properties exploitable for the purpose of local evaluation in the
literature are provided by the work on SCC-recursiveness [10] and the notion of directionality introduced in [8].

Starting from the latter, in a nutshell a semantics is directional when it is guaranteed that, as far as extensions are
concerned, a part of the framework which does not receive attacks from the rest of the framework is unaffected by the rest
of the framework itself. Letting U be a set of arguments not receiving attacks from arguments not in U, this means that
the same results (i.e. the same set of local extensions) are obtained either by computing the global extensions and then
intersecting them with U, or by directly computing the extensions of the restricted framework consisting of the arguments
in U and of the attacks among them.

Directionality allows for local computation when the results one is interested in can be obtained by focusing on an
unattacked set, but has no embedded notion of progressive construction: it simply prescribes a relation of inclusion between
the local extensions and the global ones. As such it is poorly related with the properties of semantics decomposability and
transparency. To give some examples, stable semantics, which is not directional, is fully decomposable (and hence strongly
transparent) while semi-stable semantics (which is non directional too) lacks any form of decomposability and transparency.
Admissible and complete semantics are directional, fully decomposable and strongly transparent, while ideal semantics
(which is directional too) lacks any form of decomposability and satisfies only a very weak form of transparency. To complete
the picture, recall that grounded and preferred semantics (which feature intermediate properties) are directional too.

The notion of SCC-recursiveness has closer relationships with the present work, as already evidenced by the fact that we
considered partition selectors based on the notion of SCC. Basically, the SCC-recursive scheme provides a general method
to build the global extensions prescribed by a semantics by proceeding progressively following the (partial) order among
SCCs induced by the attack relation (recall that the graph obtained by considering each SCC as a single node is acyclic).
The SCC-recursive scheme applies to each SCC a semantics-specific base function and then prescribes how to “propagate the
effects” of the choices made in the previous SCCs to the subsequent ones before applying in turn the base function to them.
As such, SCC-recursiveness directly implies the property of semantics decomposability with respect to the selector .Fgcc.

Five of the semantics we have considered in this paper are SCC-recursive (namely admissible, complete, stable, grounded,
and preferred semantics), and indeed we have proved that all of them feature stronger decomposability properties than
the one implied by SCC-recursiveness. Moreover, the notion of local function introduced in this paper can be seen as a
generalization of the notion of base function in the SCC-recursive scheme.

Drawing a more detailed analysis of the relationships of SCC-recursiveness with decomposability and transparency prop-
erties is an interesting line of future work. As a first note in this direction, we can observe that the two semantics lacking
SCC-recursiveness considered in this paper (namely semi-stable and ideal semantics) lack also any decomposability property.

In [40] the problem of combining local evaluations is addressed in a multi-agent scenario context where each agent
owns a part of the framework and may locally adopt a different semantics. This gives rise to the notion of multi-sorted
argumentation framework where a global argumentation framework is regarded as composed of a set of interacting cells,
each associated with a (possibly) different semantics. In this context, the investigation in [40] follows a sort of top-down
approach: given a (global) set of arguments S, it addresses the problem of checking whether S is an extension of the
multi-sorted framework, according to local evaluations carried out for each cell. Basically, the definition of local evaluation
at the cell level, directly reuses notions taken from the SCC-recursive scheme, as explicitly stated in [40]: the acceptance
functions used at the cell level (Definition 5 in [40]) correspond to the base functions of the SCC-recursive scheme, while
the notions of subframework and qualified arguments of a subframework (Definitions 7 and 8 in [40]) also have a direct
correspondence with key technical elements of the SCC-recursive scheme (respectively with AF|yp,:(s,r) and Uar(S, E) in
Definition 20 of [10]). Thus, in a sense, the work of [40] reuses some of the main notions of the SCC-recursive scheme
by applying them into two important directions of generalization: considering arbitrary (rather than SCC-based) partitions
of the framework and allowing heterogeneous local evaluations. However, the direct reuse of notions specifically conceived
in the context of the SCC-recursive scheme limits the possibility to fully encompass situations of mutual interaction and
cyclic dependence between cells, which are impossible in the case of SCCs but are possible with arbitrary partitions. The
present work addresses the study of homogeneous local evaluations for arbitrary partitions of an argumentation framework
by introducing novel notions to capture the more complex interactions between subframeworks arising in this context.
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Extending the results presented in this paper to the case of heterogeneous local evaluations is an important direction of
future work.

It has also to be mentioned that some results concerning the use of the same semantics (or of semantics with common
properties) in all cells are provided in [40] (in particular the notion of Uniform Case Extension Equivalence in Definition 10 of
[40] roughly corresponds to our notion of semantics decomposability). These results are not directly comparable with ours,
due to the different modeling of the interactions between subframeworks mentioned previously. For instance, in Example 5
of [40] a counterexample is given disproving (a sort of) top-down decomposability of grounded semantics in multi-sorted
frameworks, while in our context grounded semantics is actually top-down decomposable.

In the notion of conditional acceptance function introduced in [19], basically the acceptance function, corresponding to a
given semantics, accepts as input not only an argumentation framework but also an (externally imposed) condition, which
corresponds to the set of possible labellings of the framework. In other words, the acceptance function is constrained to
produce a set of labellings which is a subset of the given condition. This expresses some form of external influence on
argument evaluation, and in this sense could be related to our notion of argumentation framework with input. However, it
is based on a rather different intuition, since it expresses a constraint on the labels of all arguments, independently of any
attack relation coming from outside, while in our approach external influences manifest themselves through attack relations
involving a well-identified set of arguments in the conditioned framework. In [19] the generic notion of conditional accep-
tance function is instantiated only for complete semantics, while its application to other semantics is, as to our knowledge,
still to be developed.

Abstract dialectical frameworks (ADFs) [20] generalize Dung’s framework by detaching the meaning of attack from the
binary relation between arguments, so that each element of this relation is just a link representing a dependency. The
meaning of the dependencies for each argument s is then expressed by an acceptance condition Cs; which associates each
subset of the set of parents of s with either in or out, namely gives a binary decision on the acceptance of s given the set
of its parents which are accepted. Hence, in ADFs argument evaluation is, by definition, based on a strictly local criterion
and any global evaluation arises bottom-up from the combination of the local ones.

While the present work is strictly focused on Dung’s framework and the relevant semantics based on the attack relation,
it appears that the basic ideas underlying our analysis have significant commonalities with the process of bottom-up eval-
uation in ADFs. Generalizing the results we have obtained to the context of ADFs is therefore a very important direction of
future work.

10.2. Argumentation dynamics

Broadly speaking, in the context of abstract argumentation, dynamics concerns the evolution of a given framework to
which one or more modifications (i.e. additions and/or deletions of arguments and/or attacks) are applied. These modifica-
tions can be exogenous and neutral, namely determined by some external event, or endogenous and goal-oriented, namely
deliberately induced by an agent to reach some goal, like the acceptance of a desired argument. In the former case, the
main interest is in determining the effect of the external modifications, in the latter, in identifying the minimal set of mod-
ifications sufficient to reach the goal. In both cases, one is typically interested in reusing as far as possible the results of
previous computations carried out in the original framework so as to limit the amount of new computation required by
the modification. Hence some of the pre-existing computation results have to be combined with the results of some partial
computations in the new framework. Clearly the results presented in this paper are specifically related to this facet of argu-
mentation dynamics and we focus on the relevant literature. A detailed analysis of the broader implications of our work on
argumentation dynamics is beyond the scope of the present paper.

In [33] to save computation in a dynamic context the division-based method is proposed. Essentially, after a modifica-
tion, the considered framework is divided into two parts, one unaffected and one affected. Briefly, the affected part consists
of those arguments which are reachable (through a directed path of attacks) starting from any argument or attack in-
volved in the modification. The identification of the unaffected part relies on the directionality property, which is required
for the application of the method. To formalize the influence of the unaffected part over the affected part, the notion
of conditioned argumentation framework is introduced, namely an argumentation framework receiving some attacks from
arguments included in another argumentation framework. The paper then deals with incremental computation for some
semantics satisfying the directionality property, namely complete, grounded, preferred and ideal'* semantics. After the
modification, one needs to recompute the extensions only for the affected part (modeled as a conditioned argumentation
framework w.r.t. the unaffected part).

Some basic notions underlying the division-based method are related to our work. In particular, the notion of conditioned
argumentation framework in [33] is similar to the notions of conditioning relation and of argumentation framework with
input in our Definitions 10 and 11. Moreover, the incremental computation in a conditioned framework is analogous to the
application of the local function introduced in Definition 11.

There is however an important difference due to the fact that the division-based method is essentially based on the
directionality principle and, in particular, requires that there are no paths from the affected part to the unaffected part. As

14 Actually the claim concerning ideal semantics turns out to be flawed, as recently pointed out in [11].
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a consequence, the division-based method covers the cases where a framework is partitioned into two subframeworks such
that one has an output, without having an input, and the other has an input (from the former) without having an output.
The results concerning incremental computation of the four semantics considered in [33] correspond to a restricted form
of semantics decomposability under these restrictive assumptions: both the unaffected and the affected part consist of a
set of SCCs such that the SCCs included in the unaffected part precede those included in the affected part according to the
partial order induced by the attack relation. Given this observation, the notion of decomposability in this context basically
corresponds to a mild generalization of decomposability w.r.t. .%scc(AF), i.e. of the weakest notion of decomposability con-
sidered in this paper, and is definitely weaker than decomposability w.r.t. .%#_gcc (AF). Our work is definitely more general as
it concerns arbitrary partitions and does not rely on the directionality property. In particular, we prove full decomposability
of stable semantics, which is not directional.

The work on splitting argumentation frameworks [17] focuses on modifications involving only additions of arguments
or attacks (called expansions) and, apart of this restriction, shares the main basic assumptions with [33]. Considering a
subclass of expansions called weak expansions, a splitting divides an argumentation framework into two subframeworks,
such that only one of them receives attacks from the other: the two subframeworks correspond to the unaffected and
affected parts of [33]. To model the effect of the unaffected subframework on the affected one, in [17] a modification of
the affected subframework is introduced, which involves the addition of self-attacks and bears some similarity with our
notion of standard argumentation framework for an argumentation framework with input. Then, the splitting theorem of [17]
provides a decomposability result for stable, admissible, preferred, complete and grounded semantics, which, due to the
restriction on the partitions considered, as in the case of [33], are weaker than the ones considered in this paper.

The restrictions that one of the two parts cannot receive attacks from the other one is lifted in [15] where an arbitrary
partition of a framework into two parts is called quasi splitting and, using a technical arsenal rather different than ours, the
decomposability property of stable semantics is proved. We achieved the same result for stable semantics in the context of
a more general analysis, covering six additional literature semantics.

On the performance side, there are some empirical evidences that both the division-based method [32] and the splitting
approach [16] may significantly reduce the computation time required for some standard problems in abstract argumen-
tation w.r.t. to algorithms adopting a “monolithic” approach. Investigating the advantages provided by our more general
approach in this respect is an important direction of future work.

10.3. Equivalence and interchangeability between argumentation frameworks

Various notions of equivalence for argumentation frameworks have been considered in the literature. The most basic
ones focus either on structural correspondences (like the notion of syntactical equivalence, i.e. equality of arguments and
attacks, used in [38] or the notion of isomorphism used in [8]) or on equality of extensions (w.r.t. a given semantics), which
is called equivalence tout court in [38] and is analogous to the notion of equivalence between logic programs [34]. These
notions are poorly or not at all related with modularity and interchangeability issues, that may arise in various contexts and
in particular in presence of some form of argumentation dynamics.

To address this limitation, the notion of strong equivalence between argumentation framework (again, analogous to the
one of strong equivalence between logic programs [34]) is introduced and investigated in [38]: two frameworks F and G are
strongly equivalent w.r.t. a given semantics if for any argumentation framework H, the frameworks F U H and G U H have
the same extensions. Basically, F and G must preserve the same outcomes in front of any operation of expansion. Since
this requirement is, in fact, very strong, weaker notions of equivalence have subsequently been considered in the literature
by restricting the set of expansions of the original frameworks encompassed. In particular four subclasses of expansions
(called normal, weak, strong, and local'®) are considered in [12] giving rise to four correspondent definitions of expansion
equivalence all weaker than strong equivalence. A different notion of equivalence, introduced in [13], refers to the problem
of minimal change: given a framework and a set of arguments E whose (credulous) acceptance has to be enforced, one is
interested in identifying the minimal number of modifications that ensure the desired enforcement result. Two frameworks
are minimal change equivalent, if for any set E the minimal number of modifications required to enforce E is the same in
both frameworks. The relationships between all the above mentioned notions of equivalence have been analyzed in detail
in [14].

The approach presented in this paper is complementary to the ones reviewed above: while these refer to several forms of
invariance over the whole framework w.r.t. an operation of expansion, our work concerns invariance only in the unmodified
part of the framework w.r.t. an operation of replacement. This involves a notion of equivalence in terms of Input/Output
behavior and the study of the property of semantics transparency, which have no counterpart in the works cited above. As
already mentioned, they can be related with the notion of strong equivalence in logic programming, while our approach is
closer in spirit to the notion of modular equivalence between logic programs [37] and, more generally, with the study of
modularity in this context [31]. A detailed analysis of the possible interplay between our results and the area of modular
logic programming is beyond the scope of the present paper and is left for future work.

15 This terminology, taken out of its context, may be a bit misleading: normal expansions are not the most general case of expansions, and the terms
weak and strong here refer to the additional arguments, so strong expansions are not a subset of weak expansions.
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The issue of substitutions within an argumentation framework is explicitly addressed by the notion of fibring [28] which
indeed covers the more general case of combining together networks of different nature (e.g. embedding a neural network
or a Bayesian network into an argumentation framework), including the special case of combination of networks of the
same nature, called self-fibring. Due to the potential heterogeneity of the networks involved, however, fibring concerns the
substitution of a single node of a network with an entire other network (neither of them having a notion of “interface”
with the rest of the framework) and hence addresses a different kind of replacement than the one considered in this paper,
which involves the two argumentation multipoles, i.e. two partial networks with well-defined interface. Moreover, the study
presented in [28] covers generalized argumentation frameworks, featuring a richer set of relations (e.g. support, attacks
to attacks, attacks arising from attacks, collective and disjoint attacks) than Dung’s framework, and investigates how this
conceptual and technical arsenal can be used to properly transform the incoming and outcoming links involving just one
node into links involving the nodes of the network replacing that node. Thus, the analysis in [28] goes deeply into these
complex structural manipulations, which are mostly semantics independent, and does not concern the study of specific
semantics properties. Our work, as already mentioned, concerns a different kind of replacement and lies in the context
of traditional Dung frameworks, where we provide a systematic assessment of interchangeability-related properties for a
comprehensive set of literature semantics. Extending and relating our results to generalized frameworks in the spirit of [28]
is a further interesting direction of future work.

In [43] the notion of argumentation pattern is introduced in order to capture “general reusable solutions to commonly oc-
curring problems in the design of argumentation frameworks”. Hence an argumentation pattern is understood as a reusable
and modular component, in a spirit which has some analogy with the idea of argumentation multipole introduced in this
paper. It has however to be observed that the notion of argumentation pattern lies at a higher level of abstraction than
the one of argumentation multipole: the definition of argumentation pattern given in [43] involves a set of arguments and,
basically, a set of possible labellings of these arguments. No notion of attack is explicitly involved, since an argumentation
pattern captures a set of evaluation outcomes which together represent a “typical situation” seen from outside, indepen-
dently of the (in fact, not necessarily univocal) underlying structure giving rise to this situation. Indeed, in [43] methods to
translate (or flatten) a pattern into an argumentation framework and vice versa to extract a pattern from an argumentation
framework (where arguments to be included in the pattern have been preliminarily identified) are devised. Our work, lying
at different level, provides suitable technical foundations for further developments of the study of argumentation patterns.
Indeed, our analysis concerning the equivalence of alternative representations of attacks to attacks in Section 9.2.2 strenght-
ens the analysis of patterns for so called higher-order attacks in Section 3.2 of [43]. Moreover in [43] the issue of pattern
combination is mentioned as a matter of future research, which may certainly benefit from the systematic set of results
provided in this paper, applicable to the underlying flattened representation.

11. Conclusions

This paper contributes to the emerging research direction on modularity-based properties and techniques in abstract ar-
gumentation, by introducing a novel comprehensive formal corpus to describe the Input/Output behavior of argumentation
frameworks along with the relevant semantics properties, and by providing a systematic assessment of seven well-known
argumentation semantics in this context. Due to their foundational nature, we believe these results may play an enabling
role in the development of a variety of more specific investigation lines, ranging from the sound combination of hetero-
geneous semantics to the definition of reusable argumentation patterns. As to future work, in addition to the many issues
already included in the discussion of Section 10, we mention three further interesting lines. First, the extension of the
analysis carried out in the paper to other literature semantics like the ones mainly based on the notion of conflict-freeness
(e.g. stage [41], CF2 [7,10], stage2 [30] semantics) or those featuring a parametric definition (e.g. resolution-based semantics
[6]). Second, the study of argumentation synthesis problems, namely, given a desired Input/Output behavior generating an
argumentation framework which produces it, possibly under some constraints concerning its structure and/or the semantics
to be adopted. Third, a systematic definition of modularity-related variations of traditional computational problems in ab-
stract argumentation, e.g. checking whether two multipoles are equivalent according to a given semantics, and the analysis
of their complexity properties.
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Appendix A. Proofs
A.1. Proofs of Section 3

Proposition 1. Given a semantics S and an argumentation framework AF, Fs(AF, #, ¥, ) = Ls(AF).

Proof. The result is immediate by considering that the standard argumentation framework w.r.t. (AF, @, @, ?) is AF. O
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Proposition 2. Let S be a complete-compatible semantics and let AF' = (Ar U .#", att U R’ ») be the standard argumentation frame-
work w.r.t. an argumentation framework with input (AF, %, L_ s, R ). Then for any Lab € Ls(AF') it holds that Lab|, z = {(A’, in) |
Acout(Ly)}ULgandlabl ¢y =L 4.

Proof. Since S is complete-compatible, on the basis of Definition 14 it is immediate to see that for any labelling Lab € Ls(AF’)
Lab| 4 ={(A’,in) | A € out(L »)} UL &, thus in particular Lab| y =L ». O

Proposition 3. Given a complete-compatible semantics S, a set of arguments .# and a labelling L y € £ 4, it holds that
Fs(AFy, 7, L 7,0) = {0}

Proof. According to Definition 12, the standard argumentation framework w.r.t. (AFg, ., L, %) is AF = (%, att’), where
I'=FU{A" | Acout(Ly)} and att’ = {(A’,A) | A € out(L_#)} U{(A, A) | A € undec(L ¢)}. According to Definition 13,
Fs(AFy, #, L #,¥) = {Lably | Lab € Ls(AF')}. Since S is complete-compatible, |Ls(AF')| =1, thus Fs(AFy, .7, L #, %) ={#}. O

Proposition 4. GR, CO, ST, PR, SST, ID are all complete-compatible semantics.

Proof. First, it is easy too see that the three conditions of the first part of Definition 14 are satisfied by any complete
labelling (see Definition 6). The desired conclusion then follows from the fact that, according to Definition 8, all labellings
prescribed by GR, ST, PR, SST, ID are complete (note in particular that only the first two conditions have to be satisfied
by ST, since there are no stable labellings in case a self-attacking argument is attacked by itself only). As to the second part
of the definition, it is immediate to see that the labelling {(A’, in) | A € out(L_#)} UL & is the unique complete labelling,
thus it is also grounded, preferred, semi-stable and ideal. Moreover, such labelling is also stable (note that in this case there
are no self-attacking arguments in the framework). O

Proposition 5. Given a complete-compatible semantics S, if S is fully decomposable then there is a unique local function satisfying the
conditions of Definition 15, coinciding with the canonical local function Fs.

Proof. For each argumentation framework with input (AF, #,L #, R #), consider the standard argumentation framework
AF wurt. it, and the partition {Ar,.#'} where .’ = .4 U {A’ | A € out(L »)}. Since S is decomposable, according to
Definition 15 it must be the case that Ls(AF') = {Lar U Ly | Lar € F(AF, #,L s} 7, R.5),Lgr € F(AF | o, 0,8, %)}. By
Proposition 2, for any Lab € Ls(AF') it must be the case that Lab| s = L ~, thus from the above condition Lg(AF') =
{Lar UL | Lar € F(AF, #,L#,R #),L g € F(AF | 4/,9,%,%)}. Moreover, F(AF'| g,%,@,#) is nonempty (in particular
there is a unique labelling L » € F(AF'| 4/, @, %, %)), since Definition 15 applied to the partition {.#'} of AF'| # vyields
Ls(AF'| /) = F(AF | g4/, 9,4, %) and |Ls(AF'| #/)| =1 since S is complete-compatible. This entails that F(AF, #,L #,R ») =
{Labl ar | Lab € Ls(AF")}, which according to Definition 13 coincides with the canonical local function Fs. O

A.2. Proofs of Section 4

Theorem 1. Admissible semantics AD is fully decomposable, with Fap satisfying the conditions of Definition 15.

Proof. We have to prove that, for any argumentation framework AF = (Ar,att) and any partition {Pq,..., Py} of Ar,
Lap(AF) = {Lp, U ... ULp, | Lp; € Fap(AF|p;, P,‘inp, (szl.“n,jqéi ij)ipiinp, P,’R)}. As to Lap(AF) € {Lp, U...ULp, | Lp; €
Fap(AF|p,, p;inp, (Uj:L'n_#inj)ipimp, P;®)}, given L € Lap(AF), let us consider a generic P = P; and let Lp = L{p, and
Lanp = L¢(U]_:1mn#i p;): We have to prove that Lp € Fap(AF|p, pinp Lar\p{ pinp, PR), i.e. that the conditions of Definition 23
are satisfied for Lp. Given a generic argument A € P:

e if Lp(A) = in then L(A) = in and since L is an admissible labelling it must be the case that VB € Ar: (B, A) €
att,L(B) = out. As a consequence, VB € P : (B, A) € att,L(B) = out with L(B) = Lp(B), and VB € Pi"P : (B, A) € PR,
since PX C att and Lar\p{ pinp (B) = L(B) it must be the case that Lap\p pinp (B) = out;

e if Lp(A) = out then L(A) = out and since L is an admissible labelling 3B € Ar: (B, A) € att AL(B) = in. There are two
cases to consider. If B € P, then Lp(B) =L(B) = in and the condition is verified. If B ¢ P, then since (B, A) € att it
holds that B € P'"°, and L\ p | pinp (B) = L(B) = in;

Turning to Lap(AF) 2 {Lp, U... U Lp, | Lp; € Fap(AF{p,, Pi™. (U j1 n ji LP) b pines Pif)}, let Lpy, ..., Lp, be n labellings
of P1,..., Py such that Vi Lp, € Fap(AF|p,, P;"P, (szl_”n’#inj)ipiinp, P;®). Letting L=Lp, U... U Lp,, we prove that
L € Lap(AF). We consider a generic argument A € Ar, denoting as P the set P; such that A € P;, as Lanp the labelling
(Uj=1..n,ji Lp;), and we prove that the conditions of Definition 5 are satisfied:
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e if L(A) = in then Lp(A) = in. On the basis of Definition 23, given B € Ar: (B, A) € att, if B € P then L(B) = Lp(B) =
out, if B ¢ P then B € P", thus L(B) = Lan\p | pinp (B) = out;

e if L(A) = out then Lp(A) = out. On the basis of Definition 23, 3B € P : (B, A) €eatt ALp(B) =1in or
3B € P™ : (B, A) € PR A Lpn\p | pinp(B) = in. Since PR Catt and L= Lp U Lar\p, it holds that 3B : (B, A) € att with
L(B)=1in; O

Theorem 2. The canonical local function of admissible semantics is Fap, as defined in Definition 23.

Proof. Given an argumentation framework with input (AF,.#,L s, R_»), where AF = (Ar, att), let AF' = (Ar U .#’, att U
R’ #) be the standard argumentation framework w.r.t. (AF,.#,L #, R #). We have to show that {L'|4; | L' € Lap(AF)} =
Fap(AF, Z,L #,R ).

As to {L'lar | L € Lap(AF)} C Fap(AF, .#,L #,R #), given an admissible labelling L' of AF, we prove that L'|ar €
Fap(AF, #,L #,R »), ie. satisfies the conditions of Definition 23. Given an argument A € Ar such that L' [4;(A) = in, ob-
viously L'(A) = in, thus by the definition of admissible labelling all the attackers of A in AF’ are labelled out, entailing
the condition ((VB € Ar: (B, A) € att, Lab(B) = out) A (VB € .# : (B, A) € R #, L #(B) = out)). Similarly, given an argument
A € Ar such that L' [ 4-(A) = out, since L’ is an admissible labelling of AF’ there is an attacker of A labelled in, entailing
the condition ((3B € Ar: (B, A) € att ALab(B) = in)v (3B € .# : (B,A) € Ry AL #(B) = in)).

As to {L'|ar | L' € Lap(AF)} 2 Fap(AF, .#,L #,R ), consider a labelling L € Fap(AF, .#,L #,R »): letting L* be the
grounded labelling of AF'| »/, we prove that L* UL is an admissible labelling of AF’. Since L* is an admissible labelling
of AF'| g, it is easy to see that L* € Fap(AF'| 4/, @, ¥, ). Moreover, since GR is complete-compatible L*| » = L &, thus
L € Fap(AF | 4r, .#,L*| #, R #) (where it has been taken into account that AF = AF' | 4;). Then the conclusion that L* UL is
an admissible labelling of AF’ holds by Theorem 1. O

Theorem 3. Complete semantics CO is fully decomposable and Fcg is its canonical local function.

Proof. We have to prove that, for any argumentation framework AF = (Ar,att) and any partition {P1,..., Pp} of Ar,
Leo(AF) = {Lp, U...ULp, | Lp, € Fco(AF L p;, Pi"™, (U j=1_p juii LP) b p,ine s Pi®)).

First, given L € Lco(AF), let us consider a generic P = P; and let Lp =L} p, and Lanp = u(Uj:L..n,j#i pj): we have to
prove that Lp € Fco(AF|p, P™, Lap\p pinp, PR). Since by Theorem 1 Lp € Fap(AFp, P™, Lanp | pinp, PR), we have only to
prove that the third condition of Definition 24 is satisfied for Lp. Given a generic argument A € P, if Lp(A) =undec then
L(A) = undec, and since L is a complete labelling there is no B such that (B, A) € att with L(B) = in, and there is an
argument C such that (C, A) € att and L(C) = undec. The first condition entails that ((VB € Ar: (B, A) € att, Lp(B) # in) A
(VB € PP : (B, A) € PR, Lar\p pinp (B) # in)). The second condition in turn entails that ((3B € Ar: (B, A) e att A Lp(B) =
undec) V (3B € PI™ : (B, A) € PR A Lyr\p | pinp (B) = undec)).

As for the other direction of the proof, let Lp,, ..., Lp, be n labellings of Py, ..., P, such that Vi Lp, € Fco(AF|p;, p;inp,
(szhn,#i LPj)J/Piinp, P;®). Letting L= Lp, U...ULp,, we prove that L € Lco(AF). Since by Theorem 1 L is admissible, we
have only to prove the third condition of Definition 6. We consider a generic argument A € Ar, denoting as P the set P;
such that A € P, as Lap\p the labelling (Uj:]”_n‘j#i Lp)). If L(A) = undec then Lp(A) =undec. For every B €Ar: (B, A) €
att, according to Definition 24 if B € P then L(B) = Lp(B) # in, if B ¢ P then B € PP, thus L(B) = Lar\p{ pinp (B) # in.
Moreover, 3B € P : (B, A) € att A Lp(B) = undec or 3B € P : (B, A) € PR A Lap\p| pinp (B) = undec. Since PR C att and
L= Lp ULy p, this entails that 3B € Ar: (B, A) € att AL(B) =undec.

Finally, since the proof adopts Fco as the local function and CO is complete-compatible, by Proposition 5 it holds that
Fco is the canonical local function of complete semantics. O

Theorem 4. Stable semantics ST is fully decomposable and Fsr is its canonical local function.

Proof. First, consider a labelling L € Lsr(AF). By definition, L is a complete labelling. Since complete semantics is fully
decomposable and thus in particular top-down decomposable, for any partition {P1,..., Py} of Ar it holds that Vi L{p, €

Fco(AF|p;, Piinp,L\LP'_inp, PiR). From the absence of undec-labelled arguments according to L, it also holds that L] p, €
FsT(AFp;, Pi"™, L} pim, Pi®).

As to the other direction of the proof, let Lp,, ..., Lp, be n labellings of P1,..., P, such that Vi Lp, € Fst(AF{p;,, p;inp,
(szl._'n!#i LFj)J,Piinp, Pi®). Let L= Lp, U...ULp,. By definition of Fsr, there are no undec-labelled arguments according
to L. Moreover, since Fsy always returns a set of complete labellings, bottom-up decomposability of complete semantics
entails that L € Lco(AF), thus L is a stable labelling.

Finally, similarly to the proof of Theorem 3, by Proposition 5 it holds that Fst is the canonical local function of stable
semantics. 0O

Proposition 6. The canonical local function of grounded and preferred semantics are defined as
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o Fer(AF, 7, L #, R 7) = {L*}, where L* is the minimal (w.r.t. C) labelling in Fco(AF, #,L #,R 7)
e Fpr(AF, .#,L 4, R z) 2 {L|Lis amaximal (w.r.t. C) labelling in Fco(AF, #,L 7, R 7))}

Proof. Given an argumentation framework with input (AF, .#, L », R »), where AF = (Ar, att), let AF = (ArU ", att UR’ »)
be the standard argumentation w.r.t. (AF, .#,L #,R »).

As to Fgg, let L’ be the grounded labelling of AF': we prove that {L'| s} coincides with {L|L is minimal in Fco(AF,.#,
L, R #)}. Notice that we do not assume that the definition of Fggr is well founded, i.e. that there is a unique minimal
labelling in Fco(AF, .#,L #,R #): this is obtained as a by-product of the proof.

First we prove that L'|4- is a minimal labelling of Fco(AF, #,L #,R 7). Since L' is by definition a complete la-
belling and complete semantics is top-down decomposable (see Theorem 3), it holds that L'} #+ € Fco(AF' | 4,9, %, %) and
L'\ ar € Fco(AF, #,L'} #,R #). Since by Proposition 2 it holds that L'| 4 = L #, the latter condition can be rewritten as
L'|ar € Fco(AF, #,L 4, R &), entailing in particular that Fco(AF, .#,L ¢, R ) is nonempty. Suppose now by contradiction
that L' | 4r is not a minimal labelling returned by Fco(AF, .#,L #,R_#): then there is a labelling L* € Fco(AF, .#,L #,R )
such that L* C L' |4, and L* # L' | 4. Note that L'| » and L* are compatible (since L'| »/ coincides in .# with L »), thus
from bottom-up decomposability of complete semantics L'| 4 UL* is a complete labelling of AF'. Since (L'} » UL*) C L
and (L'} g UL*) L, this contradicts the fact that L’ is by definition the minimal (w.r.t. C) complete labelling of AF.

Let us now consider a labelling L of AF which is minimal among those of Fco(AF, .#,L s, R #): we prove that L=L} 4,
thus also showing that there is a unique minimal labelling in Fco(AF, .#,L #,R #). Since L’ is by definition a complete
labelling and complete semantics is decomposable, it must be the case that L'} »/ € Fco(AF' | _#+, 9, @, #), thus by bottom-up
decomposability of complete semantics L'} » UL is a complete labelling of AF" (recall that L’ coincides in .# with L #).
By definition of grounded labelling, L' C (L'} » UL). Assume by contradiction that (L'} 4 UL) #L’: since the grounded
labelling is minimal (w.r.t. ©) among all complete labellings, it must be the case that L' {4 T L and L' |4, # L. However,
by top-down decomposability of complete semantics L'|4r € Fco(AF, ., L #, R &), contradicting the minimality of L. This
completes the proof as far as the canonical local function of grounded semantics is concerned.

As to Fpgr, we have to show that {L'| 4 | L’ € Lpr(AF)} = {L | L is maximal in Feo(AF, .#,L #, R #)}. The proof is similar
to that for Fgg.

First, given a preferred labelling L' of AF/, we prove that L'}, is a maximal labelling in Feo(AF, .#,L #,R_»). Since
L' is by definition a complete labelling, by top-down decomposability of complete semantics L'\ 4 € Fco(AF'{ ¢, @, ?, ?)
and L'|ar € Fco(AF, .#,L #, R ), where we exploit the fact that, by Proposition 2, L'} s = L ». Assume by contradiction
that L' | 4, is not a maximal labelling in Fco(AF,.#,L #, R #): this entails that there is a labelling L* € Fco(AF, #,L #,R )
such that L'} 4 T L* and L'} 4r # L*. Note that L* and L'} » are compatible since L' coincides in .# with L ~, thus from
bottom-up decomposability of complete semantics L* UL'| 4 is a complete labelling of AF". However, L' = (L* UL'| »/) and
L' # (L* UL} »), contradicting the fact that L’ is by definition a maximal (w.r.t. ) complete labelling.

Let us now consider a labelling L of AF which is maximal among those of Fco(AF,.#,L #,R ¢): letting L* be the
grounded labelling of AF/, we prove that L*| » UL is a preferred labelling of AF'. By bottom-up decomposability of com-
plete semantics L*| »» UL is a complete labelling of AF’. Assume by contradiction that it is not maximal: then there is
a preferred labelling L' of AF' such that (L*| »» UL)C L' and (L*| » UL) s L. Since, by Proposition 2, L'} # =L*} 4,
this entails that L= L'} 4 and L # L'| 4. However, top-down decomposability of complete semantics also entails that
L'|ar € Fco(AF, ., L 4, R &), contradicting the maximality of L among the labellings of Fco(AF, .#,L#,R 7). O

Lemma 1. Given an argumentation framework with input (AF, .#,L #, R ), where AF = (Ar, att), let L be a labelling such that
Le Fap(AF, #,L s,R s) andL ¢ Fco(AF, 7, L #, R #). Then there is an argument A € Ar such that L(A) = undec and a labelling
LA € Fap(AF, 7, L 4, R z) such that LA(A) € {in, out} and VB € Ar: B # A, LA(B) = L(B).

Proof. Since L € Fap(AF, .#,L 4R #) and L ¢ Fco(AF, ., L #R &), according to Definitions 23 and 24 there must be at least
an undec-labelled argument A such that either (VB € Ar: (B, A) € att,L(B) =out) A(VBe ¢ :(B,A) € R #,L #(B) = out)
or ABe€Ar:(B,A) catt AL(B)=1in) v (3B € .# : (B, A) € R.s A L #(B) = in). Then the labelling L is constructed such
that VB # A LA(B) = L(B), and LA(A) = in in the first case and LA(A) = out in the second case. It is easy to see that
LA € Fap(AF, .7, L+, R z) by checking the conditions of Definition 23. In particular, A satisfies the conditions of in-labelled
arguments (in the first case) or the conditions of out-labelled arguments (in the second case) by construction, all of the
arguments besides A labelled in by LA are labelled in by L and thus have their attackers labelled out by L (and L ~) and
thus by L? (and L ), all of the arguments besides A labelled out by LA are labelled out by L and thus have an attacker
which is labelled in by L (or L ») and thus by L* (or L ~). O

Lemma 2. Given an argumentation framework with input (AF, .#,L 4, R #), for every labelling L1 € Fap(AF, .#,L #, R &) there
exists a labelling Ly € Fco(AF, ., L ¢, R ) such that L1 C L;.

Proof. Given Ly € Fap(AF, #,L #,R ), if L1 € Fco(AF, #,L #,R #) then the conclusion trivially follows, otherwise ac-
cording to Lemma 1 there is an argument A € Args and a labelling L1# € Fap(AF, .#,L #,R ») such that L; C L4,
L'(A) = undec and Li4(A) € {in, out}. Since AF is finite and it is thus impossible to indefinitely turn undec-labelled
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arguments to in or out, iterating this step must yield a labelling L, such that L, € Fco(AF, .#,L #,R #). The relation
Li C L, holds by construction. O

Proposition 7. Given an argumentation framework with input (AF, %, L s, R.z), let Lz, L 7% € £ 4 be two labellings of .# such
that Lz T L #2. Then it holds that

1. VL1 € Fco(AF, 7, L s, R.#), 3L, € Feo(AF, .#, L #%, R.#) such that L; = Ly; and
2. VL, € Feo(AF, .7, Lyz, R #),3L; € Feo(AF, 7, L,yl, R ) such that L C L;.

Proof. As to the first point, since L; € Feo(AF, .#, L +', R_~) and all arguments in .# that are labelled in (respectively out)
by L', are also labelled in (respectively out) by L%, it is easy to see that Ly € Fap(AF, .#, L #2, R »). Then the conclusion
follows from Lemma 2.

As to the second point, given L, € Fco(AF, .#, L 7%, R.7) consider the set of labellings Ar, ={L € Fap(AF, .7, Ly Ry)|
LC Ly}. Note that Ay, is nonempty, as it includes the labelling that assigns undec to all arguments, and since AF is finite
there is at least a maximal (w.r.t. C) labelling among those of Ap,. Let L; be a maximal labelling in Ag,: we prove the
claim by showing that L; € Fco(AF, .#,L s, R ). Suppose by contradiction that this is not the case: then, by Lemma 1
there is an argument A € Args and a labelling L1# € Fap(AF, .#,L ', R.») such that L!(A) = undec, L1*(A) € {in, out}
and VB € Ar: B # A, Li"(B) =Ly (B). There are two cases to consider.

o If L1A(A) = in, then it must be the case that L,(A) # in, otherwise from L; C L, we would also have LACL, and L4
would not be a maximal element of Ay, (observe that Lj C L4 and L4 iZ Ly). Since Ly € Feo(AF, .#, L 7%, R ), this
in turns entails that 3B € Ar: (B, A) € att ALy(B) # out, or 3B € .7 : (B, A) € Ry A L #%(B) # out (otherwise Ly(A)
would be in according to Definition 24). However, since Ly L, and L ! T L 2, the same condition holds for L; and
Ls', ie. 3B Ar: (B, A) catt AL{(B) #out, or 3B € .7 : (B, A) € Ry AL #'(B) # out. This contradicts the fact that
L2 € Fap(AF, #,L 41, R.»), since A does not satisfy the conditions of Definition 23 required by in-labelled arguments.

e The other case to consider is L1A(A) = out, which similarly to the first case entails Ly(A) # out, otherwise L1A CL
and L; would not be a maximal element of Ar,. Since L € Fco(AF, #,L 42, R.z), this in turns entails that VB €
Ar: (B, A) € att,Ly(B) # in and VB € . : (B, A) € R.s,L_#*(B) # in. However, since Ly T L, and L ! C L +2, the
same condition holds for Ly and L s, i.e. VB € Ar: (B, A) e att,L{(B) # in and VB € .# : (B,A) € R #,L s '(B) # in,
contradicting the fact that Li% € Fap(AF, .7, Ls'Ry). O

Theorem 5. Given an argumentation framework AF = (Ar, att), let L be the grounded labelling of AF. For any set P C Ar, L{p €
FGR(AF|p, P™ L] pinp, PF).

Proof. Let Q = Ar\ P. Since L is the grounded labelling of AF which by definition is also complete, letting Lo =L|q
and Lp =L|p we have by Theorem 3 that Ly € Fco(AFlq, Q"‘P,LpiQ;np, QM and Lp € Fco(AFip,Pi“P,Lqipinp,PR).
Suppose by contradiction that Lp is not the minimal element w.r.t. C in Fco(AF|p, Pi“P,LQ d pinp,, PRy, and let Lp2 C Lp
(with Lp Z Lp?) be the minimal element. Since in particular Lp2¢Qmp C Lp|qinp, by Proposition 7 (second point) there
is a labelling Lo? € Fco(AFq. Q™. Lp? | ginp, QF) such that Lo? C Lg. Since in particular Lo?| pinp E L | pinp, again
by Proposition 7 there is a labelling Lp® € Fco(AF{p, P™,Lg 2| pinp, PR) such that Lp® C Lp2. Iterating the same rea-
soning, for any i > 2 we get 3Lp' € Fco(AF|p, P™ Lo~ 1| pinp, PR) such that Lp' TLp'~' C...CLp? CLp, and JLg' €
Feo(AF{q,Q™, Lpi¢Qinp, Q®) such that Lo CLo "' C...CLo? C Lg. Since the argumentation framework is finite, there
must be an i* such that Vj > i*Lp/ = Lp" and LQj = LQi*. This in turn yields Lp!" € Fco(AF|p, Pinp,LQi*i,Pinp, PRy and
LQi* € Fco(AF|q, Qinp, LPi*\LQinp, Q®), which by Theorem 3 entails that (Lpi* U LQ"*) is a complete labelling of AF. How-
ever, since Lp!’ CLp and Lo’ CLg it holds that (Lp” ULg®) C L, and since Lp IZ Lp? it must also be the case that
LZ L U LQi*), contradicting the fact that L is the grounded labelling of AF. O

Theorem 6. Given an argumentation framework AF = (Ar, att), let L be a preferred labelling of AF. For any set P C Ar, L{p €
Fpr(AF|p, P™ L] pinp, PR).

Proof. Let Q = Ar \ P. Since L is a preferred labelling of AF and thus complete, letting Lo =L} and Lp =L{p we
have by Theorem 3 that Lq € Feo(AFlq. Q™. Lp|yim. QR) and Lp € Fco(AF|p, P, Lo | pinp, PR). Suppose by contra-
diction that Lp is not a maximal element w.r.t. C in Fco(AF|p, Pi“p,LQ { pinp,, PRy, and let Lp2 be a maximal element
such that Lp C Lp? (with Lp? Z Lp). Since Lp{qim E LpziQinp, by Proposition 7 (first point) there is a labelling LQ2 €
Fco(AFlq, Qinp, Lpzi/Qinp, Q®) such that Lo C LQZ. Since in particular Lg | pinp C quipmp, again by Proposition 7 there is a
labelling Lp> € Fco(AFp, P™, Lo 2| pinp, PX) such that Lp? C Lp>. Iterating the same reasoning, for any i > 2 we get ILp €
Fco(AFyp, P Lo~ pinp, PR) such that Ly CLp? E... ELp' ' CLp, and ILq" € Fo(AFlq, Q™ Lp'| gimp. Q) such
that Lg CLg2C...C Lo "' CLg'. Since the argumentation framework is finite, there must be an i* such that Vj > i*LpJ =
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Lp'" and Lo/ =Lo™. This in turn yields Lp’" € Fco(AF{p, P™, Lo™ | pinp, PR) and Lo'" € Fco(AFlq, Qinp,LPi*\LQinp, Qhy,
which by Theorem 3 entails that (Lpi* U LQi*) is a complete labelling of AF. However, since Lp C Lpi* and Lo C LQ"* we

have that LC (Lp'" ULqg'"), and since Lp? IZ Lp it must also be the case that (Lp ULg!") Z L, contradicting the fact that L
is a preferred labelling of AF. O

Lemma 3. Let S be a complete-compatible semantics which is top-down decomposable, with the canonical local function Fs. Given an
argumentation framework with input (AF, ., L #, R &), consider a labelling L € Fs(AF, .%,L #, R &) and let P C Ar be an arbitrary
set of arguments of AF. Then, letting PF-I"P £ PI" U (A € .# |3B € P, (A, B) e R s} and PR £ PR U (R s N (& x P)), it holds that
Lip € Fs(AF|p, P (LUL #)| pr-inp, PF).

Proof. Let AF' = (ArU .’ att UR’ ») be the standard argumentation w.r.t. (AF, .#,L #,R_»). Since L € Fs(AF, .#,L #,R »),
according to the definition of canonical local function (see Definition 13) it holds that 3L’ € Ls(AF') such that L' |4 = L.
By top-down decomposability of S applied to AF’ and P, it must be the case that L'|p € Fs(AF'|p, (PI"P)/, L'J (pinpy (PRY),
where we use (Pi")" and (PR)’ to denote PP and PR in the context of AF/, respectively. Then the conclusion follows by
observing that L'} p =L|p, AF'|p = AF|p, (P™P) = PP L' iy =L g | pr-inory. ) UL pinp, and (PRY' =PE. O

Theorem 7. Grounded and preferred semantics are decomposable w.r.t. #gcc.

Proof. Since grounded and preferred semantics are top-down decomposable, we have only to prove bottom-up decompos-
ability w.r.t. Fusce.

Let us first consider grounded semantics. Given an argumentation framework AF = (Ar,att), consider a parti-
tion {P1,..., Pn} € Fuscc(AF), and let Lp,,...,Lp, be n labellings of Pi,...,P, such that Vi Lp, € FGR(AF¢pi,P,-i“P,
(szhn,#inj)wimp, P;®). Letting L = Lp, U...ULp,, we prove that L is the grounded labelling of AF. Since Fgr re-
turns a labelling of Fco and complete semantics is bottom-up decomposable, we know that L is a complete labelling of AF:
assume by contradiction that it is not the grounded labelling, thus letting L’ be the grounded labelling of AF it must be the
case that L' C L and L’ # L. Taking into account that the graph obtained by considering strongly-connected components as
single nodes is acyclic, there must be a strongly connected component S € SCCSar such that L' s TL|s and L'|s #L{s,
while L'} ginp = L{ginp (otherwise, considering a strongly connected component S; € SCCSar such that L'} s, #Lls,, from
L/¢51inp #L{g i we have L'|s, #Lls, where Sy is a strongly connected component such that $11"P N Sy £, and it-
erating this step we either obtain an infinite number of strongly connected components, which is impossible since AF
is finite, or end up with a cycle of strongly connected components, which is impossible as well). By top-down decom-
posability of grounded semantics we have L'|s € Fgr(AF{s, Si"p,L/¢5inp, SRy = Fgr(AF s, Sinp,usmp, SR). Now, according
to the definition of .%#gcc, there is an element P, of the partition such that S € P, and by Lemma 3 applied to
Lp, € FGr(AFp,, Px™, (Ujzr.n i LP) L pyine P¢R) it must be the case that L|s € Fer(AF|s, S™, L] i, SX). However,
this contradicts the two conditions L'|s € Fgr(AF|s, Si“p,usmp, SRy and L'}s #Lls, since Fgr always returns a unique
labelling.

The proof for preferred semantics is similar. Given an argumentation framework AF = (Ar, att), consider a parti-
tion {P1,..., Pn} € Fuscc(AF), and let Lp,,...,Lp, be n labellings of Py,..., P, such that Vi Lp, € FpR(ANp,.,P,-i“p,
(Uj:hny#iij)¢,,imp, P;®). Letting L = Lp, U...ULp,, we prove that L € Lpr(AF). By definition of Fpg and bottom-up
decomposability of complete semantics, we know that L is a complete labelling of AF: assume by contradiction that it is
not preferred, thus 3L’ € Lpr(AF) such that LC L’ and L # L. Taking into account that the graph obtained by consider-
ing strongly-connected components as single nodes is acyclic, there must be a strongly connected component S € SCCSar
such that L| s TL'|s and L|s #L'|s, while L{ ginp =L'| sinp. By top-down decomposability of preferred semantics we have
L'}s € Fpr(AFs, S™ L'} ginp, SR) = Fpr(AF|s, S™, L{ ¢inp, S®). According to the definition of .F#gcc, there is a k such that
S C Py, and by Lemma 3 it holds that L|s € Fpr(AFls, SP, L| ginp, SRy, However, from L'} s € Fpr(AFs, SP, L{ ginp, SRy ¢
Fco(AF|s, SIMP, L i, S?), LIs CL'|s and L{s # L'} s we get a contradiction, since L} s should be a maximal labelling in
Fco(AFs, S™, L| ginp, S®) by definition of Fpg. O

Proposition 8. The canonical local function of ideal semantics is defined as Fip(AF, ., L. s, R #) = {L*}, where L* is the maximal
(w.r.t. ©) labelling in Fco(AF, ., L #, R &) such that for each Lp € Fpr(AF, ., L #, R ) it holds that L* C Lp.

Proof. Given an argumentation framework with input (AF,.#,L s,R z), let AF = (ArU .#’,att UR’ ») be the standard
argumentation framework w.r.t. (AF, .#,L #, R ). Taking into account Proposition 2, it is immediate to see that

Fco(AF' | 51,9, 0,0) = Fpr(AF' | 5,9,8,0) = {{(A",in) | A€ out(Ly)} ULy} (A1)

As a preliminary result, we prove that
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{L'ar IL" € Lco(AF') AVL} € Lpr(AF) L' C L }
={LeFco(AF, ¥, Ly, Ry) |VLp € Fpr(AF, #,L#,R#) LC Lp} (A2)

e As to the first direction of this proof, consider a labelling L € Lcg(AF) such that VL], € Lpr(AF') L' C L},. Since complete
semantics is top-down decomposable and, by Proposition 2, L'}, » =L _#, L' | ar € Fco(AF, %, L #, R #). Moreover, Propo-
sition 2 and condition (A.1) entail that L'} 4 € Fpr(AF'} #/, 9, @, #), thus by bottom-up decomposability of preferred
semantics wW.r.t. .#_gcc it must be the case that VLp € Fpr(AF, .#,L s, R #) ('] # ULp) € Lpr(AF'). As a consequence,
by the hypothesis on L it holds that L' = (L'| » ULp), entailing in particular L' 4 C Lp.

e As to the other direction, consider a labelling L € Fco(AF, .7, L #, R #) such that VLp € Fpr(AF, .#,L s,R #) LC Lp.
By bottom-up decomposability of complete semantics and condition (A.1) there is a labelling L' € Lco(AF') such that
L'} ar = L. Moreover, VL, € Lpr(AF’) Proposition 2 entails that L} »» =L'| s, and by top-down decomposability of
preferred semantics L}, | ar € Fpr(AF, .7, L #, R &) thus LE L, 4. As a consequence, (L'} » UL |4) E (Lp .2 UL Lar),
ie. ' EL.

Let us now prove the desired result. Let L}, be the ideal labelling of AF': we prove that {Lj; |4} coincides with {L |
L is maximal in Fco(AF, 4, L s, R &) such that VLp € Fpr(AF, .#,L #,R #) LC Lp}. Notice that we do not assume that the
definition of Fyp is well founded, i.e. that there is a unique maximal labelling in the latter set: this is obtained as a
by-product of the proof.

First consider the ideal labelling Lj,. According to (A.2), Lj,lar € Fco(AF,.#,L s, R #) and VLp € Fpr(AF, S, Ly,
R.s) Liplar E Lp. Assume by contradiction that Lj, |, is not maximal, i.e. there is a labelling L € Fco(AF, #,L s, R #)
such that VLp € Fpr(AF, .#,L 7, R #) LELp, Ljy 4 EL and L} | ar # L. According to (A.2), there is a labelling L’ € Lco (AF')
such that VL), € Lpr(AF') L' EL}, and L' {4 = L. However, we can write Lj, as ;| » UL 4ar, and since L; | »» =L'{ &
(Proposition 2) and Lj,{ar EL, L E (L'} » UL), which is in turn equal to L’ since L'| 4 =L, ie. L, E L. Taking into
account that L}, | ar # L it is also the case that Lj, # L', contradicting the maximality of L.

Let us turn to the proof of the reverse condition. Let L be a maximal labelling among those in Fco(AF, .#,L s,R »)
that satisfy the condition VLp € Fpr(AF, .#,L s,R_ ) LC Lp. According to (A.2), there is a labelling L' € Lcg(AF') such
that L'J 4 =L and VL) € Lpr(AF') L' E Lj,. Assume by contradiction that L' is not maximal, ie. there is a labelling
L” € Lco(AF') such that VL), € Lpr(AF) L T L, L' CL” and L' #L”. Note in particular that L'} 4 E L"| 4, and since, by
Proposition 2, L'} s =L"| g, it must be the case that L' | ar #L” | ar. According to (A.2), L” | ar € Fco(AF, #,L #,R ») and
VLp € Fpr(AF, #,L #,R #) L ar E Lp. However, since L' }4, =L, it holds that LC L” |4, and L # L” |4, contradicting the
maximality of L among the labellings of Fco(AF, .#,L #,R #). O

Proposition 9. The canonical local function of semi-stable semantics is defined as Fssy(AF, .#,L #,R ) 2 {L|L e Fco(AF, Z, L.z,
R ) such that undec(L) is minimal w.r.t. set inclusion}.

Proof. Given an argumentation framework with input (AF, #,L #,R ), let AF = (Ar U .#',att UR’ ») be the standard
argumentation w.r.t. (AF, ., L s, R #). It is immediate to see that

Feo(AF | 5,9,8,8) ={{(A".in) | A€ out(Ly)} ULy} (A3)

We have to show that {L' |4 | L € Lsst(AF')} = {L € Fco(AF, .#, L #, R #) | undec(L) is minimal}.

First, given a semi-stable labelling L' of AF’, by top-down decomposability of complete semantics L' |4, € Fco(AF, .Z, L #,
R_#), where we exploit the fact that, by Proposition 2, L'| » =L ». Assume by contradiction that undec(L'| ;) is not mini-
mal, i.e. there is a labelling L, € Fco(AF, .#, L #, R ) such that undec(Ly) C undec(L'|4r). By Proposition 2 and condition
(A.3) L'} g € Fco(AF'| &1, 9,8, ®), thus, letting L” = (L'} » U Ly), by bottom-up decomposability of complete semantics
L” € Lco(AF). However, since undec(Ly;) C undec(L'|4r) it must also be the case that undec(L”) C undec(L'| s UL |ar),
i.e. undec(L”) C undec(L)). This contradicts the fact that L’ is a semi-stable labelling of AF’, and thus undec(L’) should
be minimal among the complete labellings of AF.

Let us now consider a labelling L € Fco(AF, ¥, L #, R &) such that undec(L) is minimal. By bottom-up decomposability
of complete semantics and condition (A.3), there is a labelling L’ € Lco(AF') such that L' |4 = L. Assume by contradiction
that L' ¢ Lsst(AF), i.e. there is a labelling L” € Lco(AF') such that undec(L”) C undec(L)). Since, by Proposition 2, L” |, g =
L'| »s, it must be the case that undec(L”}4r) € undec(L'|4r) = undec(L). Moreover, by top-down decomposability of
complete semantics and Proposition 2 it holds that L” |4, € Fco(AF, .#,L #, R #). These conditions, however, contradict the
hypothesis that undec(L) is minimal among the labellings in Fco(AF, #,L #,R ). O

A.3. Proofs of Section 5

Lemma 4. Given a set of arguments .#, two labellings Llj, sz € £ ¢, aset of arguments Args such that .# N Args = @ and a relation
Rinp © 7 x Args, if L', © L%, then e Eargs(7, Ll . Rinp) € e £args (S L%, Rinp).
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Proof. We have to prove that if an argument A is labelled in by effans (., Llﬂ, Rinp) then it is labelled in by
effags(#. L%, Rinp), and if it is labelled out by ef fargs(-#, L', Rinp) then it is labelled out by effargs(.#, L%, Rinp). In
the first case, either A has not attackers in .# or all of its attackers in .# are labelled out by Llj. Since Llj C Lzy, all these
attackers are labelled out also by L2,, thus A is labelled in by effargs(H, L?g, Rinp). In the second case, A has an attacker
B € .# which is labelled in by L',. Again, since L', C L%, the attacker B is labelled in also by L%, thus A is labelled out
by effargs(S, sz, Rinp). O

Proposition 10. Every semantics S € {AD, CO, ST, GR, PR, ID, SST} is effect-dictated.

Proof. By inspection of Definition 23 and Definition 24, it is easy to see that the proposition holds for S € {AD, CO}. As to
the other semantics, according to Definition 25, Proposition 6 and Proposition 9 the definition of Fsr, Fgr, Fpr, Fsst select
those labellings of Fco that satisfy a requirement which does not depend on the input to the local function (i.e. absence
of undec-labelled arguments, minimality w.r.t. C, maximality w.r.t. £ and minimality of undec arguments, respectively):
thus the conclusion is entailed by the result for Fcp. Finally, according to Proposition 8 Fip(AF, .%,L #, R #) is completely
determined by Fco(AF, #,L #,R ») and Fpr(AF,.#,L #,R ), thus the result follows from the above ones for CO and
PR. O

A.4. Proofs of Section 6

Proposition 11. Consider a semantics S such that Ls(AFy) = {#}. Given a set of arguments E and a labelling Lg € £, it holds that
S-effp(Ay, Le) ={{(A, in) | A€ E}}.

Proof. According to Definition 29, S-effg (4, Lg) = {ef££ (0, 8, ) | L € Fs(AFy, @, @, ¥)}. By Proposition 1, Fs(AFy, @, @, #) =
Ls(AFy), which by the hypothesis is nonempty. Thus, S-ef fg(#y, Lg) = {eff(?,0,D)} ={{(A,in) | A€ E}}. O

Proposition 12. Consider a semantics S such that Ls(AFy) = {0} and a replacement % = (AF, .41, .#>) with invariant set E = (.
Letting AF, = T (%), the following conditions are equivalent:

o X is S-legitimate

o X is contextually S-legitimate

o |Ls(AF)| > 0 A |Ls(AF2)| > 0, or Ls(AF) = Ls(AF) = @
o Z is S-safe.

Proof. Since E = ¢, according to Definition 31 .#7; = (AF,%,%) and .#> = (AF,, ¥, #). Moreover, according to Defini-
tion 32 it turns out that £SQ = {Fs(AFlg,9,9,%)}, which by Proposition 1 is equal to Ls(AFy), in turn equal to {#}
by the hypothesis. Since it also holds that £ = {#}, &% is S-legitimate if and only if it is contextually S-legitimate. In
particular, Z is legitimate if and only if .#; and .#, are S-equivalent, which according to Definition 30 holds if and
only if S-effy(.#1,?) = S-effy(A>,?). Following Definition 29, S-effy(.#1,?) = {effy3(?, Ly, D) | L € Fs(AF, 3,0, ?)},
which by Proposition 1 is equal to {effy(@,Lly,?) | L € Ls(AF)}, ie. {#} if |[Ls(AF)| > 0, @ if Ls(AF) = (. By the same
reasoning, S-effy(.#>,?0) = {0} if |Ls(AF2)| > 0, @ if Ls(AF2) = @. As a consequence, & is S-legitimate if and only if
|[Ls(AF)| > 0 A |Ls(AF2)| > 0, or Ls(AF) = Ls(AF2) = @. Let us finally consider the last condition. According to Definition 32,
Z is S-safe if and only if {L}y4 | L € Ls(AF)} = {L|y | L € Ls(AF)}. It is easy to see that the first term of this equality is equal
to {0} if |Ls(AF)| > 0, it is equal to ¢ if Ls(AF) = (. Analogously, the second term is equal to {#} if |[Ls(AF,)| > 0, it is equal
to @ if Ls(AF,) = 0. Thus Z is S-safe if and only if the third condition holds. O

Proposition 13. Let AF = (Ar, att) be an argumentation framework. Consider a sequence of replacements (R1, R2, ..., Ry) where
Ri = (AF;, M; 1, M 3), E; is the invariant set of R;, AF1 = AF and, forany 1 < i <n, AF; = T(AF;_1, #;_1,1, #;_17). Let AF, be the
result of the sequence of replacements, i.e. AF,. = T (AFy, Mn 1, #n2). If all replacements R; are S-safe, then letting E=E1N...NE,
it holds that {L| g | L € Ls(AF)} = {L| g | L € Ls(AF,)}. Moreover, any argument A € E is skeptically/credulously justified according to
S in AF if and only if it is skeptically/credulously justified according to S in AF,.

Proof. In order to prove the thesis, we show by induction on i that for i € {1,...,n} {L{pi |L € Ls(AF)} ={L{i |L ¢
Ls(AFi41)}, where Ei = E{ N ... E;.

For i =1, since AF, = T(AF, #1,1,.#12), E1 = E! and (AF, M1, #12) is S-safe it holds that {L{ i | L € Ls(AF)} =
{Lip IL€Ls(AF)}

For i > 1, we assume inductively that {L|i-1 | L € Ls(AF)} = {L| i1 | L € Ls(AF;)}, and we prove that {L| i | L € Ls(AF)} =
{L{gi | L € Ls(AFi41)}. First, since E' = E'-T N E; it holds that E' € Ei~1, thus the inductive hypothesis yields {Ligi | Le
Ls(AF)} = {L] i | L € Ls(AF)}. Since R; is S-safe, it holds that {L{f, | L € Ls(AF;)} = {L|g; | L € Ls(AF;;1)}. Taking into account
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that E! C E;, the latter condition entails that {L{gi | L € Ls(AF;)} = {L}fi | L € Ls(AF;11)}. Summing up, {L{ i | L € Ls(AF)} =
{Ligi IL€Ls(AF))} ={L|pi | L € Ls(AFi11)}.

As to the last point, an argument A € E is skeptically justified according to S in AF if and only if VL € Ls(AF),L| g(A) = in,
and by the previous point this holds if and only if VL € Ls(AF,), L} (A) = in, i.e. if and only if A is skeptically justified in
AF,. The proof for credulous justification is analogous. O

A.5. Proofs of Section 7

The proof of Theorem 8 requires two preliminary lemmas, proving that any semantics satisfies a property corresponding
to top-down and bottom-up decomposability in the degenerate case of two subframeworks including an empty one.

Lemma 9. Let S be a semantics such that Ls(AFy) = {0}, AF = (Ar, att) be an argumentation framework, and E C Ar be a sub-
set of its arguments. Let D = Ar \ E and .# = (AF|p, RiNp, Routp), where Rjnp = att N (E x D) and Royrp = att N (D x E).
Given a labelling L € Ls(AF), let LE = L{g and LP = L{p. If D = ¢, then LF € Fs(AF|g, .#°"®,LP | _zoun, Rourp) and LP €
Fs(AF\p, "™ L} 4. Rinp)-

Proof. In the specific case that D = @, it obviously holds that E = Ar, AF|p = AFy, Rinp = @, Rourp = 0, .#™ =@ and
P = . 1t is then easy to see that LP = @ and LE =L € Ls(AF). By Proposition 1, Ls(AF) = Fs(AF, @, @, ), which is equal
to Fs(AF|g, #°“® L} ,ou, Routp). Moreover, LP = ¢ € Ls(AFy) by the hypothesis, and again by Proposition 1 it holds
that Ls(AFy) = Fs(AFg, @, ¥, ), where the latter is equal to Fs(AF{p, .#", LEi/,[mp, Rinp). O

Lemma 10. Let S be a semantics such that Ls(AFy) = {#}, AF = (Ar, att) be an argumentation framework, and E C Ar be a subset of
its arguments. Let D = Ar \ E and .# = (AF| p, Rinp, Routp), where Riyp = att N (E x D) and Royrp = att N (D x E). Given two
labellings LE and LP such that LE € Fs(AF| g, #°"P,LP | _,ouo, Rourp) and LP € Fs(AF|p, .#™ LE| i, Rinp), if D = @ then
(LEULP) e Ls(AF).

Proof. In the specific case that D = @, it obviously holds that E = Ar, AF}p = AFy, Rinp = @, Rourp = 0, .#™ = @ and
" = . Then the hypothesis yields LP e Fs(AFy, @, @, #), which is equal to Ls(AFy) by Proposition 1. Since by the hypoth-
esis Ls(AFy) = {4}, it must be the case that LP = ¢J. Moreover, LE € Fs(AF, ¢, @, #), which is equal to Ls(AF) by Proposition 1.
Thus, (LE ULP) = LE e Lg(AF). O

Theorem 8. Consider an effect-dictated semantics S such that Ls(AFy) = {#}. If S is decomposable w.r.t. a partition selector % then S
is strongly transparent w.r.t. ..

Proof. Consider a .% -preserving and contextually S-legitimate replacement % = (AF1, .#1, ./>) with invariant set E, where
My = (AF1}p,, Rlyps Roypp) and .24 = (D2, Rp,), Rivp, R3pp), and let AF, = T(AFy, #, #5): we have to prove that the
replacement is S-safe, i.e. that {L1|f | L1 € Ls(AF1)} = {Ly} £ | Ly € Ls(AF,)}. Since (AFy, .41, .#>) is .7 -preserving, {E, D1} \
e y(AFﬂ and {E, D2} \ e e%\(1‘”:2).

First, in the particular case where E = {J the replacement is S-safe by Proposition 12. Thus, in the remainder of the proof
we assume E # .

Let us first prove that {Li|g | L1 € Ls(AF1)} C {Lx |t | Ly € Ls(AF,)}, i.e. that given an arbitrary labelling L; € Ls(AF{)
there is a labelling L, € Ls(AF;) such that L1 |F =Ly . Let LlE =LiJf and L?‘ =L1}p,.If Dy #, since S is decomposable
w.rt. Z and {E, D1} e Z (AF7), by top-down decomposability it holds that LlE € Fs(AF1 g, 41°"P, L?w//lloutp, REJUTP) and
L?‘ € Fs(AF1!p,, #1"", Lﬂ//{lmp, R,]NP). In the case where D1 = @, the same conditions are entailed by Lemma 9. Note that
L € £5,. Since . and .#, are S-equivalent under £5,, there is a labelling L2D2 € Fs(AFy\p,, #>™, Lﬂ//lzmp, R%,p) such
that effE(//ZZOUtp,L§2¢ 0 R3ymp) = effE(///]O“tp,L? 1 //lloutp,Rg)UTP). Taking into account that S is effect-dictated,
this condition entails that Fs(AF; g, .#; ", LlD1 Voo, Rbymp) = Fs(AF1 Vg, 45,°", ngiﬂzoutp, R3,1p), and since AFy | p =
AF, ) it holds that LY € Fs(AFy g, #2°", Lg%/moutp, R%,;p). Now, we have two cases to consider. In case Dy # @,
{E, Dy} € % (AF2) and bottom-up decomposability w.r.t. % entails that (Lf u ng) € Ls(AF,). Otherwise, the same condi-
tion holds by Lemma 10. In both cases, the conclusion follows by letting L, = (LlE U LIZDZ).

Taking into account that AFy = T (AF,, .45, .#1) and that also (AF,, .#>,.#1) is a contextually S-legitimate replacement,
by a symmetric reasoning it can be proved that {Ly | | Ly € Ls(AF2)} C {L1 )¢ | L1 € Ls(AF1)}.

Thus, {L1|g | L1 € Ls(AF1)} C {LoJk | Ly € Ls(AF2)} and {Lz |k | Ly € Ls(AF2)} € {L1|E | L1 € Ls(AF1)} entail the desired
conclusion. O

Theorem 9. Let S be an effect-dictated single-status semantics such that Ls(AFy) = {#}}. Suppose that S is top-down decomposable w.r.t.
a partition selector % and satisfies the following property: for any argumentation framework AF and any partition {E, D} € % (AF),
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letting L be the labelling prescribed by S for AF, if LE € £ and LP e £p are two labellings such that LF € Fs(AF| g, E™,LP | pinp, ER)
and LP € Fs(AF|p, D™ LE| i, DR), then LC LE ULP. Then S is strongly transparent w.r.t. 7.

Proof. Consider a .%-preserving and contextually S-legitimate replacement % = (AF1, .#1, ./#>) with invariant set E, where
My = (AF1}p,, Rlyps Roypp) and 44 = (D2, Rp,), Rip, R31p), and let AF, = T(AFy, #,, #5). We have to prove that the
replacement is S-safe, i.e. letting L; and L, be the labellings prescribed for AF; and AF;, respectively, that L1 g =Ly k.

As in the proof of Theorem 8, in the case that E = ¢ the replacement is S-safe by Proposition 12, thus in the remainder
of the proof we assume E # @.

Let Lf =L{}f and L?l =Li)p,.If D1 #0, {E, D1} € F(AF1) and since S is top-down decomposable w.r.t. .% it holds that
LE e Fs(AFy | g, 24", L?l Voo Ryymp) and Lf’l € Fs(AF1\p,, #1"™,LE| T R}\p). Otherwise, if D1 = # then the same
conditions hold by Lemma 9. Note that Lf € 25%,. Since .# and .#, are S-equivalent under £3, there is a labelling L2D2 €
Fs(AFy | py, M2™ L] o, Rip) such that effp (", L5 | 4 oup, RYypp) = e£E£ (A4, L) 4y up, Rhyypp), entail-
ing that Fs(AFy g, .24 ", L7} 4 o, Rbyp) = Fs(AFy L, 5" L3 | ouo, RS 7). Taking into account that AFy|g =
AF; g, it holds that Lf € FS(AFNE,///2°“tp,L'232¢%2outp, R%,;p). We have two cases to consider. If D, # #, then {E, D2} €
Z(AF,) and the hypothesis condition applied to Lif¥ and L,P2 in AF, yields L, = (L;f U L,P?), thus in particular
Ly{t C L1k In the other case, D, =@ and by Lemma 10 it holds that (L; UL,P2) € Lg(AF;). Since S is single-status, it must
be the case that (L1E U LZDZ) =L, thus in particular L1 | =Ly | g, which is a special case of the condition Ly | C Li | k.

Taking into account that AFy = T (AF,, .#>, .#) and that also (AF,, .#>,.#1) is a contextually S-legitimate replacement,
by a symmetric reasoning with L, it can be proved that there exists a labelling L;P1 of Dy such that L, C (Ladr U L1D1)
and in particular Ly g T Ly} E.

Now, from Ly g CLi|r and L1} C Ly g it turns out that L1 =Ly . O

A.6. Proofs of Section 8

Theorem 10. Admissible semantics AD, complete semantics CO and stable semantics ST are strongly transparent.

Proof. Since decomposability and strong transparency of a semantics are equivalent to decomposability w.r.t. %ar;, and
strong transparency w.r.t. %arr,, respectively, an immediate consequence of Theorem 8 is that an effect-dictated decompos-
able semantics is strongly transparent. Then the conclusion follows from Proposition 10 and Theorem 1 (for AD), Theorem 3
(for €CO) and Theorem 4 (for ST). O

Theorem 11. Grounded semantics GR is strongly transparent.

Proof. We prove that grounded semantics satisfies the hypotheses of Theorem 9 that ensure strong transparency. First,
grounded semantics is single-status by definition. Moreover, we know by Proposition 10 that GR is effect-dictated and
by Theorem 5 that it is top-down decomposable. Finally, consider an argumentation framework AF, an arbitrary parti-
tion {E, D} € Far(AF) and two labellings LF € £¢ and LP € £p such that LF € Fer(AF|E, E™,LP | iy, ER) and LP €
Fer(AF|p, Di“p,L%Dmp, DRy: taking into account that Fgr returns a subset of Fco (see Proposition 6), by bottom-up de-
composability of complete semantics (see Theorem 3) (LEULP) is a complete labelling of AF. Thus, letting L be the grounded
labelling of AF, by definition it must be the case that LELE ULP. O

Theorem 12. For any contextually PR-legitimate replacement % = (AF, .#1, /2) with invariant set E, any argument A € E is cred-
ulously justified according to PR in AF if and only if it is credulously justified according to PR in T (AF, .41, 4#5).

Proof. First, if E = ¢ then the claim is trivially verified, thus in the following we consider the case that E # (.

Assume that .1 = (AF{p,. R}\p. Rbyp), AF2 = T(AF, M, #5) and M5 = (AF2p,, RAp, R3p)- Given an argument A €
E which is credulously justified in AF, there is a preferred labelling L; € Lpr(AF) such that Li(A) = in. Letting Lif =L;
and LiP' =Li}p,, we have that Lf € Fpr(AF g, 41", L7} 40w, Rbyrp) and L' € Fpr(AF D, , /4™, LY} o, Rip).
In particular, if D1 # @ these conditions hold by top-down decomposability of preferred semantics (see Theorem 6),
otherwise by Lemma 9. Note that, according to the first condition, Lif e Sg. Since .#1 and .#> are PR-equivalent

under €%, there is a labelling L?z c FPR(AFZ»LDZ,//fzinp,Lf‘L//lzi"P’RIZNP) such that effE(//lzc’”tp,LlD%MZuutp,R(Z)UTP) =
eE£5 (P, L?1 Voo Rbymp). thus it is the case that Fpr(AF|g,.#,°"®, L?1¢//lloutp, Riump) = Fer(AF g, 45°",
L2y 0up. R3;p). Taking then into account that AF|p = AFa |, it holds that L € Fpr(AF2 ) g, 45", 17?4 oup. R3 ).
Since Fpgr returns a subset of Fgo (see Proposition 6), the previous conditions yield Lf € Fco(AF2¢E,///2°“tP,L? 2l 0,005
R(Z)UTP) and L?z € Fco(AF2p,, Mo, Lf \L%Zinp, R,ZNP), thus by bottom-up decomposability of complete semantics proved in
Theorem 3 (if Dy # ¥) or by Lemma 10 (if D = #), (L, UL;P2) is a complete labelling of AF,. As a consequence, there is
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a preferred labelling L, € Lpr(AF,) such that (L;¥ UL;P2) C L,. Since A € E and L;(A) = in it must also be the case that
Ly(A) =1in, i.e. A is credulously justified under preferred semantics in AF.
Since the hypotheses are symmetric for AF and AF,, the other direction of the proof is proved in the same way. O

Theorem 13. Any replacement % = (AF1, .1, .#>) with invariant set E, such that .# and ./, are homogeneously PR-equivalent
under £%%, is PR-safe.

Proof. First, if E = ¢ then the replacement is PR-safe by Proposition 12, thus in the following we consider the case that
E#0.

Assume that .1 = (AF1\p,, Rlyp, Rbyp). AF2 = T(AF1, .41, M) and My = (AF2p,. Rip, R3mp)- We have to prove that
{L1JEe | L1 € Lpr(AF1)} = {Ly )£ | Ly € Lpr(AF3)}. Similarly to previous proofs, we only prove that {Li}r | Ly € Lpr(AF1)} C
{Ly )k | Ly € Lpr(AF;)}, since the reverse inclusion relation can be proved in the same way by exploiting the fact that the
hypotheses are symmetric for AF; and AF,.

Let L; € Lpr(AF1) be an arbitrary preferred labelling of AFi: we have to identify a labelling L, € Lpr(AF,) such that
Lilr =Ly ). Letting LE =L | ¢ and L?l =L1}p,, by top-down decomposability of preferred semantics proved in Theorem 6
(if D1 # #) or by Lemma 9 (if Dy =), Lf € Fer(AF1}5, 44", L{" | oup, Rhypp) and L7 € Fpr(AF1 4y, 4™, LEL o,
Rj\p). Note that, by the first condition, L¥ e £PR. Since .#; and .#, are PR-equivalent under £'%, there is a labelling
L2 € For(AF2 | py, 4™, LY, i, REyp) such that ef£p (5", 172 o, Raypp) = e££6(LH"P, L] 40w, Rbypp),
entailing that F|)R(AF1¢E,///{’”tp,LlD1 Va0t Riump) = FPR(AF1¢E,//ZQO“IP,L?%/%ZMP, R%,;p). Taking then into account
that AF | g = AF2 | g, it holds that Lf € Fpr(AFa L, #5°"® L2 |, oo, R3ypp). Since Fpg returns a subset of Feo (see Propo-
sition 6), the previous conditions yield Lf € Feo(AF, | g, 245", L?ziﬂzouxp, R2,p) and L?z € Feo(AF2 | p,, 5™, Lfijﬂzinp,
RIZNP), thus by bottom-up decomposability of complete semantics proved in Theorem 3 (if Dy # @) or by Lemma 10
(if Dy =), 1F ULP2) is a complete labelling of AF,. We prove that Ly = (L1 U L;P2) € Lpr(AF,), which yields the
desired conclusion. Assume by contradiction that L, is not a preferred labelling of AF,: then there is a preferred labelling
L; € Lpr(AF2) such that L, C L3 and L, # L. Letting L"2‘E =L and L;DZ =L}|p,, by top-down decomposability of pre-
ferred semantics (if Dy # ¢) or by Lemma 9 (if D, = @), it holds that L;E € FPR(AFZi/E,L%ZOUtP,L;Dziﬂzoutp, RéUTP) and
L;P? € Fpr(AF2 | by, A5™, L§E¢J/{2mp, RZ%,). Note that L;F € £PR It must be the case that L = L;F and L4 £ # L3E. The first
condition is entailed by L, C L} and L, | ¢ =L;£. The second condition holds since otherwise L, £ = L;*, entailing both L?Z
and L;DZ to belong to FpR(AFZLDZ,//lzi“p,Lﬂ//{zmp, R,ZNP): since sz C L;DZ and Fpg returns maximal (w.r.t. C) elements
of Fco, we would have L? 2= L;Dz besides L, £ = L;E , violating the condition L, # L3. Now, taking into account the hypoth-
esis that .# and .#>, are homogeneously PR-equivalent under 22}}, from L?Z € Fpr(AF2|p,, Mo Lfi(%zmp, R,ZNF), LjDZ €
Fer(AF2 Ly, 5™, 55| i, Rip), 172 C 1522, LiE S 13F, LYY € For(AF1 4, 4™, LE |, i, Rp) and e £ £5 (4™,
L?W//{]outp, Ry = effE(//lz"”tp,L?zi/”zoutp, R%,;p), there is a labelling L*P e FpR(AFle,//A‘“P’,L}‘EJ,%lmp,R}NP)
such that LY CL{P' and ef£5 (4P, L2 , oup, RYypp) = e£E£ (ML L5P2 | oup, R3 ). Since LiE € Fpr(AFa L,
AP L3P oun, R ypp) and AFy | g = AFy |, the latter condition entails L3 € Fpr(AF1 £, #1°"P, LiP |, oup, Rbyypp)-
Since Fpg returns a subset of Fco and complete semantics is decomposable, LjE U LTD‘ is a complete labelling of AF;
(again, in case D1 = ¢ this is a consequence of Lemma 10). However, from L;f C LEE, L?l C L’{Dl and LiE # L;E it holds

that L1 C (L;‘E U LTD‘) and Ly # (L;E u LTD‘), contradicting the fact that Ly € Lpr(AF1), i.e. that it is a maximal (w.r.t. C)
complete labelling of AF;. O

Lemma 5. Consider two multipoles .#; = (AF1, R}p, Rbymp) and .t = (AF2, R%p, R3rp) W.It. a set E which are internally
S-homogeneous under a set of labellings £ C L. If .#1 and .4, are S-equivalent under £/, then they are homogeneously S-equivalent
under £'.

Proof. We have to prove the two conditions of Definition 34. We prove the first condition, since the other one

can be obtained by a symmetric reasoning. Given LL,LZ € £ such that L. C L2, consider two labellings L e
E E E 1

Fs(AFq, .#4™ L imps R10) and L1 € Fg(AFy, .2, ™, 12 ip, R1.) such that L' © LP1. Consider also a labelling L2 e
EY . INP 2 EV INP 1 2 1

Fs(AFy, #5"™ , LL| i, Riyp) such that ef£5 (P, 172 4 ou0, R3ypp) = eE£5 (AP, L7y oup, Rypp). Since LY C

LZDl, by Lemma 4 it holds that effE(//hO“tp,L?w//[loum, Riymp) C effE(//hO“tp,Lsz//[loutp, Riymp), thus ef£p (AP,

L?%/féoum, R(Z)UTP) C effg (M °“tP,L§1¢Mloutp, R}JUTP). Moreover, since .# and .4, are S-equivalent under £/, there is

a labelling ng € FS(AFZ,%Zinp,L%l,%Zinp,RIZNP) such that effg(%2°”tP,L§)2¢//lzoutp,R(Z)UTP) = effE(//AO”tp,Lg]i/”]ourp,

Rbyrp). thus it holds that effr(#5°P L2\ 4 o, RE ) C eE£p (™, L)% ] 4 oup, RE ). Summing up, L7 €
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Fs(AFy, 5™ LY 4 im0, Rip), 1y? € Fs(AFy, 5™ 121 , . Rip) such  that effp(5%"", 11?4 om, R3yp) E
effE(//lzo‘“p,ngj[zoutp, R%,p), with L1, L2 € & and L} £ L2. The conclusion can then be derived from the fact that
M is internally S-homogeneous under £/, since this entails that there is a labelling L'ZD2 € Fs(AF3, Mo, Lﬂ AL R,ZNP)
such that ef £ (.#°"P, L’2D2¢//lzoutp, R% 1p) = eE£E (5P, ng b at,00 R2,1p), Where the latter is equal to ef f¢(.#,°"P,
Ly' | _y0mp. Ryypp), and L2 ELY2. O

Corollary 1. Any replacement % = (AF1, .41, .#>) with invariant set E, such that .#1 and ./#> are PR-equivalent under 22} and
both .#1 and .#, are internally PR-homogeneous under 22}, is PR-safe.

Proof. Since .#1 and ./, are internally PR-homogeneous under 22} and PR-equivalent under 25}, by Lemma 5 they are
homogeneously PR-equivalent under 2"9'}. The desired conclusion then follows from Theorem 13. O

Theorem 14. Preferred semantics PR is strongly transparent w.r.t. #_gcc.
Proof. Immediate from Theorem 7 and Theorem 8. O

Lemma 6. Let .# be an argumentation multipole (AF, Rinp, Routp) w.rt. a set E which is CO-univocal under a set of labellings
£ C Lg. ThenVLg € &/, Fco(AF, 4", Led_yinp, Rinp) = Fs(AF, /A Lel_yim, Rinp) for any S € {GR, PR, ID, SST}.

Proof. According to the relevant definitions, Fgr, Fpr, Fip and Fsst return a subset of the labellings returned by F¢o and
are always able to return at least a labelling. Then the conclusion follows by taking into account that .# is CO-univocal
under £. O

Lemma 7. Let .# be an argumentation multipole (AF, Rinp, Routp) W.rit. a set E which is CO-univocal under a set of la-
bellings £ C £g, and let L, L% be two labellings of £ such that L} C L. Then, for any two labellings Ly, L, such that Ly €

Fpr(AF, A LL| o, Rinp) and Ly € Fpr(AF, 4™ L2 ,imp, Rinp), it holds that Ly € L.

Proof. Taking into account Lemma 6, L; € Fco(AF, ,///i“P,LlEi/”;np, Rinp), thus by Proposition 7 there must be a labelling
L, € Fco(AF, //"‘1?, L2 i, Rivp) such that Ly © L,. By Lemma 6 it also holds that Ly € Fco(AF, .#"™ L2 i, Rinp), and
since |Fco(AF, 4™, L%‘J,%inp, Rmvp)| =1 it must be the case that L), =Lp. Thus L EL, =L. O

Lemma 8. Let .# be an argumentation multipole (AF, Rinp, Routp) W.rit. a set E which is CO-univocal under a set of labellings
&' C L. Then ./ is internally PR-homogeneous under £'.

Proof. Let L}, L2 be two labellings of £ such that L} C L2, and let Ly, L, be two labellings such that Ly € Fpr(AF, .Z'™,
L};J,//,mp, Rinp), Ly € Fpr(AF, K//{i“p,L%¢//,mp, Rinp). By Lemma 7, L C Ly. Then the condition required in Definition 35 is
trivially verified with L, =L;. O

Theorem 15. Any contextually CO-legitimate replacement # = (AF1, .#1, .#>) with invariant set E, such that .#1 and /> are
CO-univocal under 26%9, is ID-safe.

Proof. As in previous proofs, the claim in the case where E = is a direct consequence of Proposition 12, thus in the
following we assume E # (.

Let AF, = T(AF1, .1, #>), and let L] and L; be the ideal labellings of AFy and AF,, respectively. We prove that L |r C
L5 | g (the other direction of the proof can be obtained by a symmetric reasoning). Since by definition L} is a complete
labelling of AF; and CO is strongly transparent, there is a complete labelling Ly of AF; such that L g =Lj|g. We prove
that for any preferred labelling L%, of AF, it holds that L, C Lf,: since LJ is by definition the maximal (w.r.t. £) complete
labelling satisfying this condition, it must be the case that L, C L}, thus in particular L | g =L} EL | .

First we prove that the hypotheses of Corollary 1 are satisfied for #, thus &% is PR-safe. Since .#, and ./#> are
CO-equivalent under £¢0, by Lemma 6 they are also PR-equivalent under £0, and since Fpg always returns a subset
of Fco it holds that £°% € £0, therefore . and .#, are PR-equivalent under £¥%. Moreover, by Lemma 8 .#; and .,
are internally PR-homogeneous under S';}.

Let us turn to the proof that L, C Lf,. Let Args, be the set of arguments of AF,, and D, = Args, \ E. First, it must be
the case that L | g C L% |g: since % is PR-safe, there is a preferred labelling L}, of AFy such that L g =L} |f, and by
definition of ideal labelling L T L},, thus in particular L} | g C L}J¢E, and the conclusion follows by taking into account that
Ly g =L} . Second, by top-down decomposability of complete semantics (if D2 # ) or by Lemma 9 (if D2 =¢), L|p, €
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Feo(AFap,, #5'™ Lo, 4 im, Riyp) and L} |p, € Fco(AF2p,, #4"™ L34, i, Rfp), thus by Lemma 7 Lpyp C L} g also
entails that L, | p, T L2 | p,. Summing up, it holds that L | CTL | and Ly|p, CTL3|p,, ie. LLELZ. O

Proposition 14. An acyclic argumentation multipole .# = (AF, Rinp, Routp) W.r.t. a set E is CO-univocal under any set of labellings
g c LE.

Proof. Consider a labelling Lg € £'. We reason by contradiction, assuming that there are two distinct labellings Lq,L; €
Fco(AF, 4™ Lg| _w, Rinp). Let £p be the set of arguments which are assigned different labels by Ly and L. Since .#
is acyclic, there must be at least an argument A € £p such that all arguments of AF that attack A (possibly none) are
assigned the same labels from L; and L,. However, according to the conditions of Definition 24 the label of A is univocally
determined by the labels of its attackers, both in the case A does not attack itself and in the case that A is self-attacking
(in particular, if A is self-attacking then A is out-labelled if it has an in-labelled attacker, it is undec otherwise). This
contradicts the fact that Ae £p. O

Proposition 15. Any contextually PR-legitimate (ID-legitimate) replacement % = (AF1, .#1, .#>) with invariant set E, such that .1
and .#, are acyclic, is PR-safe (ID-safe).

Proof. Considering preferred semantics, Proposition 14 and Lemma 8 entail that .#; and .#> are internally PR-homogeneous
under any set £ C £, thus according to Corollary 1 the replacement % is PR-safe. The result for ideal semantics is en-
tailed by Theorem 15, taking into account that .#; and .#> are CO-univocal under Q%’ by Proposition 14, and they are
CO-equivalent according to Lemma 6. O
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